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Abstract
Terrestrial carbon dioxide removal (tCDR) strategies are being discussed as options to coun-
teract anthropogenic global warming. In particular policy makers now increasingly consider
targeted land use change such as afforestation and biomass plantations as options to extract
carbon from the atmosphere. In light of this, it is important to understand sustainability
limits and implications of tCDR in the context of Earth system dynamics.
This thesis provides a model based assessment of biogeochemical and hydrological side-
effects of large-scale biomass plantations and afforestation in the context of planetary bound-
aries, delimiting a safe operating space for humanity. Simulations with a dynamic global
vegetation model (LPJmL) indicate considerable biogeochemical and hydrological conse-
quences of biomass plantations which are even larger than those of historical agricultural
land use. In particular, biomass plantations on current agricultural land use areas show a
22% increase in net primary productivity compared to natural vegetation on the same area,
which drives other alterations in regional and global carbon and water cycles.
Additionally, land use scenarios of biomass plantations are developed with a multi-objective
optimisation model under consideration of regional environmental constraints and evaluated
against the global planetary boundaries for biogeochemical flows, biosphere integrity, land
system change and freshwater use. This shows clear trade-offs between planetary bound-
aries and tCDR. Respecting environmental constraints according to the planetary boundary
framework yields almost zero tCDR potential. The transgression of regional environmental
constraints into a zone of increasing risk of triggering feedbacks at the planetary scale can
provide considerable annual net carbon extraction rates of 1.4 GtC - 6.9 GtC, depending
on the biomass conversion pathway and the timely operationalisation of large-scale carbon
capture and storage plants.
The importance of co-evolutionary dynamics of the Earth’s carbon cycle and societal interven-
tions through tCDR is demonstrated with a conceptual modelling approach in the context of
carbon-related planetary boundaries. It becomes apparent that focussing on climate change
without an integrated trade-offs assessments may lead to navigating the Earth system out of
the safe operating space due to collateral transgression of other boundaries. The success of
tCDR depends on the degree of anticipation of climate change, the potential tCDR rate and
the underlying emission pathway.
Integrating population growth and changing food demands while minimising carbon and
v
Abstract
biodiversity loss demonstrates opportunities and limitations for terrestrial carbon sequestra-
tion. Without substantial improvements of crop and livestock productivities, feeding 9 billion
people diminishes opportunities for tCDR. Higher productivities, however, combined with
the displacement of agricultural production into concentrated regions of high productivity
yield sustainable terrestrial carbon sequestration potentials of up to 98 GtC.
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Zusammenfassung
Gezielte Landnutzungsa¨nderungen zur terrestrischen Kohlenstoffdioxid-Entfernung wer-
den derzeit als Mo¨glichkeit diskutiert um dem anthropogenen Treibhauseffekt entgegen-
zuwirken. Auch auf politischer Ebene werden insbesondere Biomasseplantagen und Auf-
forstung zunehmend als Optionen wahrgenommen um die atmospha¨rische Kohlenstoffdiox-
idkonzentration zu reduzieren. Fu¨r die notwendige Bewertung solcher Maßnahmen ist ein
umfassendes Versta¨ndnis mo¨glicher Konsequenzen und den Grenzen ihrer Nachhaltigkeit
im Kontext des Erdsystems erforderlich.
In dieser Dissertation werden biogeochemische und hydrologische Auswirkungen von
großfla¨chigen Biomasseplantagen und Aufforstung quantitativ und im Kontext der Plane-
tarischen Grenzen des sicheren Handlungsraums fu¨r die Menschheit analysiert. Simulationen
mit einem etablierten dynamischen globalen Vegetationsmodell (LPJmL) zeigen, dass die bio-
geochemischen und hydrologischen Auswirkungen von Biomasseplantagen auf die Biospha¨re
nicht zu vernachla¨ssigen sind und die der historischen landwirtschaftlichen Bodennutzung
noch u¨berschreiten ko¨nnen. Insbesondere ein starker Anstieg der Netto-Prima¨rproduktion
auf Biomasseplantagen um bis zu 22% verglichen mit natu¨rlicher Vegetation vera¨ndert die
globalen Kohlenstoff- und Wasserkreisla¨ufe signifikant.
Des Weiteren werden Landnutzungsszenarien zur ra¨umlichen Verteilung von Biomasse-
plantagen unter Beru¨cksichtigung von regionalen Umweltschutzanforderungen entwickelt
und gegen die globalen Planetarischen Grenzen fu¨r biogeochemische Flu¨sse, Intaktheit der
Biospha¨re, Landnutzungswandel und Su¨ßwassernutzung evaluiert. Die Ergebnisse zeigen
eindeutige Konflikte zwischen der Einhaltung der Planetarischen Grenzen und terrestrischer
Kohlenstoffdioxid-Entfernung. Bei Einhaltung von regionalen Umweltgrenzwerten aus dem
Konzept der Planetarischen Grenzen ko¨nnen nur marginale Potentiale erzielt werden. Unter
kompletter Ausnutzung des Risikobereichs ko¨nnten in der zweiten Ha¨lfte des 21. Jahrhun-
derts etwa 1.4 GtC - 6.9 GtC pro Jahr entzogen werden, abha¨ngig von Biomasseverwertungsp-
faden und der rechtzeitigen großskaligen Inbetriebnahme von Kohlenstoffbindungs- und
speicherungsanlagen.
Die Relevanz von koevolutiona¨rer Dynamik zwischen dem Kohlenstoffkreislauf der Erde und
gesellschaftlichem Eingreifen durch tCDR wird mit einem konzeptionellen Modellierungs-
ansatz im Kontext der Planetarischen Grenzen aufgezeigt. Es wird deutlich, dass eine Fokus-
sierung auf das Klimaproblem ohne die ganzheitliche Beru¨cksichtigung von erdsystemischen
vii
Zusammenfassung
Interaktionen die ungewollte U¨berschreitung anderer Systemgrenzen zur Folge haben kann.
Als erfolgskritisch erweisen sich die Antizipation des Klimawandels, die eingesetzten Extrak-
tionsraten und die zugrunde gelegten Emissionspfade.
Die Kombination von Bevo¨lkerungswachstum und steigendem Nahrungsmittelbedarf mit der
Minimierung von Kohlenstoff- und Biodiversita¨tsverlusten zeigt Mo¨glichkeiten und Grenzen
fu¨r terrestrische Kohlenstoffsequestrierung auf. Ohne substanzielle Produktivita¨tssteigerun-
gen in Ackerbau und Viehwirtschaft kann terrestrische Kohlenstoffspeicherung nicht mit
der Nahrungsmittelproduktion fu¨r 9 Milliarden Menschen vereinbart werden. Produk-
tivita¨tssteigerungen hingegen ermo¨glichen zusammen mit ra¨umlicher Umverteilung der
Nahrungsmittelproduktion in hochproduktive konzentrierte Regionen ein Kohlenstoffspe-
icherungspotential von bis zu 98 GtC.
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1. Introduction
Emissions from the burning of fossil fuels are increasing atmospheric carbon dioxide (CO2)
concentrations. With CO2 being the predominant anthropogenic greenhouse gas (GHG),
continued emissions are expected to increase the Earth's surface temperature in the next
decades and centuries, which is likely to impact the whole Earth system (Schellnhuber
et al., 2016). Terrestrial carbon dioxide removal (tCDR) strategies which aim at increasing
the carbon sink of the terrestrial biosphere by large-scale biomass cultivation are proposed
to impede critical atmospheric CO2 concentrations (e.g. Dyson, 1977; Obersteiner et al.,
2001; Shepherd et al., 2009). Such strategies are the focal point of this thesis, which assesses
associated potentials and side effects.
1.1. Humans in the Earth system
The Earth system is a complex system of interacting oceans, atmosphere, land, water and
life, which are connected via physical, chemical and biological processes. With the evolution
of the Homo sapiens the human species spread over the Earth's surface to inhabit a very thin
biological layer. Under the relative stability of the Holocene epoch (Fig. 1.1) – the current
interglacial period – the human species prospered through the invention of agriculture and
cultural development. At the latest with the industrial revolution a few hundred years ago,
humans have become a dominant component of the Earth system (Vitousek et al., 1997).
This ushered in a new geological epoch, the Anthropocene (Crutzen, 2002). This epoch is
characterised by the widespread use of fossil fuels and the exploitation of natural resources
on land and in the oceans, which modified the Earth's natural cycles – the carbon, water,
nitrogen, phosphorus and other cycles – far beyond their natural variability (e.g. Boucher
et al., 2004; Vitousek et al., 1997).
1.1.1. Anthropogenic modifications of the Earth system
The most debated human impact on the Earth system is probably the altered radiative forcing
due to greenhouse gas emissions into the atmosphere. Especially, anthropogenic carbon
1
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emissions from land use and land cover change (LULCC) and fossil fuel consumption have
increased atmospheric carbon concentrations by more than 40% (Tans et al., 2015), at rates
unprecedented in the last 400,000 years (Fig. 1.1). While in the past two centuries LULCC
emissions played a larger role (Houghton, 1999), the acceleration of fossil fuel emissions in
the past two decades reduced the current share of LULCC emissions to 12.5% (Houghton
et al., 2012).
Figure 1.1.: Atmospheric CO2 concentrations reconstructed from ice core measurements in Antarctica for the
last 400,000 years (Lu¨thi et al., 2008; NCDC, 2012) and atmospheric measurements at Mauna Loa,
Hawaii from 1959 to 2015 (Tans et al., 2015). The Holocene period is indicated by dashed grey lines
in the main plot and embedded as a subplot.
In addition to the atmosphere, humanity has shaped its natural habitat – the biosphere –
as well as the hydrosphere and oceans. Human engineering of natural ecosystems altered
about 75% of global ice free land surface (Ellis et al., 2008) and modified the global water
cycle (Gordon et al., 2005; Rost et al., 2008a). The global biogeochemical cycles of carbon
and nitrogen have been significantly altered by land use intensification. About a quarter of
the potential global net primary productivity is appropriated by humans for food and fibre
2
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(Haberl et al., 2007) and agricultural practices to satisfy a growing food demand have more
than doubled the global cycling of nitrogen over the last century (Fowler et al., 2013), leading
to air, soil and water pollution as well as GHG emissions of nitrous oxide (N2O) (Vries et al.,
2013).
Altogether the human influence on natural ecosystems has led to an alarming biodiversity
loss with current extinction rates of at least 10 (Barnosky et al., 2011) and up to 1000 (Pimm
et al., 2014) times higher than the likely background rate of extinction. The current era is
therefore now considered to be the beginning of the sixth mass extinction since the initial
colonisation of the land approximately 540 million years ago (Barnosky et al., 2011), while
being the first mass extinction driven by the actions of one single species.
Although the biosphere has proven to be relatively resilient throughout its existence, it is
currently threatened in its stability (e.g. Williams et al., 2015). As an integral Earth system
component, it is part of cascading feedback mechanisms and teleconnections affecting the
climate system. Thus, fundamental human modifications of this system now threaten the
Earth system's stability of the Holocene, the initial foundation of human development.
Most notably anthropogenic climate change induced feedbacks put humankind at risk of
abrupt, irreversible and detrimental environmental change with large economic consequences
(Steffen et al., 2006; Stern, 2007). Many environmental feedbacks to global warming are
considered to be tipping elements (Lenton et al., 2008; Schellnhuber, 2009), whose critical
point could be reached within the next century if global warming is not curbed (Schellnhuber
et al., 2016). For example, abrupt monsoon changes, increasing extreme events and modified
weather patterns pose a threat to global food supply and infrastructure, while sea level
rise induced by the increased melting of ice shields poses a risk to coastal cities and island
nations. Because the risks of such environmental feedbacks increase as global mean surface
temperature deviates from pre-industrial levels (Schellnhuber et al., 2016), only reversing the
accelerating trends of the Anthropocene in the near future can preserve the Earth system in
its Holocene state.
1.1.2. Planetary boundaries
As a guideline to the preconditions of sustainable development of humanity, Rockstro¨m et al.
(2009) proposed the concept of a safe operating space (SOS) for humanity. Within this space,
humanity can evolve without the risk of triggering feedbacks that are detrimental to Earth
system functioning in the Holocene-mode.
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Figure 1.2.: The safe operating space, delineated by nine planetary boundaries. The current status of the Earth
system with respect to the control variables of seven of the nine planetary boundaries is marked
by colours (Steffen et al., 2015). Green zones are within the safe operating space, yellow marks
the zones of uncertainty and red marks the transgression of the uncertainty zone. The status of
the remaining planetary boundaries has not been quantified yet. (credit: F. Pharand-Descheˆnes
/Globaı¨a)
The safe operating space is formed by nine planetary boundaries (PBs) of anthropogenic
modification of key Earth system processes (Rockstro¨m et al., 2009; Steffen et al., 2015). These
processes were identified based on their potential of triggering threshold-behaviour and
gradual changes at the global or continental level (e.g. climate change) or their importance
for the resilience of the Earth system, i.e. the capacity of the system to tolerate perturbations.
They include the global biogeochemical cycles of carbon, water, nitrogen and phosphorous
as well as biogeophysical feedbacks and purely anthropogenic influences. Each process is
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identified by one or more control variables with associated PBs. The locations of the PBs are
identified at normatively defined 'safe' distances from known thresholds or from identified
dangerous levels and associated with an uncertainty zone (Rockstro¨m et al., 2009; Steffen
et al., 2015). The uncertainty band accounts for scientific uncertainty about the exact location
and allows room for manoeuvring away from impending thresholds. In a recent update
(Steffen et al., 2015), regional control variables and boundaries of processes with strong
sub-global operating scales were identified. In the following, the PBs (and uncertainty range
in brackets) that are relevant in the context of this thesis are briefly described according to
their definition in Steffen et al. (2015).
Climate change The PB for climate change is one of two identified core boundaries which
provide planetary-level overarching systems for, and are regulated by, the other PBs. The
boundary is proposed at an atmospheric CO2 concentration of 350 ppmv (450 ppmv) and
an increase in top-of-atmosphere radiative forcing of +1 Wm−1 (+1.5 Wm−1). The location
of the boundary is particularly motivated to safeguard the stability of polar ice sheets and
regional climate patterns. In the current state, the PB for climate change is transgressed with
atmospheric CO2 concentrations of about 400 ppmv (Tans et al., 2015). Terrestrial CDR is
targeted at preventing substantial transgression of this PB which would likely push the Earth
system out of the Holocene-mode.
Biosphere integrity The PB for biosphere integrity forms the second core boundary, as
it plays a critical role for the Earth system's resilience and its material and energy flows.
Biosphere integrity has strong regional operating scales at the biome level. Its state is
currently assessed via two preliminary control variables: the species extinction rate and the
biodiversity intactness index (BII) (Scholes et al., 2005). Because of the large uncertainty
about the role of biodiversity for ecosystem functioning, both boundaries are associated
with a large uncertainty range. The boundary for extinction rate is set at 10 extinctions per
million species years, (100 extinctions per million species years) and a BII of 90% (30%). The
preliminary boundaries suggest that the status of biosphere integrity has already left its zone
of uncertainty.
Biogeochemical flows The PB for biogeochemical flows reflects the importance of the
integrity of the global nitrogen and phosphorous cycles for Earth system functioning. Control
variables are the industrial and intentional biological fixation of nitrogen and phosphorous
flows into the ocean, with planetary boundaries set at 62 TgNy−1 (82 Tg Ny−1) and 11 TgP
y−1 (100 TgP y−1), respectively. These aim at undermining negative side effects of artificial
nitrogen and phosphorous application such as eutrophication of coastal and freshwater
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systems and ocean anoxic events. The status of both boundaries is strongly influenced by
regional agricultural practices. While nitrogen and phosphorous application are within safe
levels in many regions, intensive agriculture, especially in the northern hemisphere, has led
to a transgression of the global boundaries.
Freshwater use The global control variable of freshwater use is blue water consumption –
4000 km3 (6000 km3) – whereas environmental flow requirements (EFRs) are decisive for the
regional control at the basin level. EFRs are derived from hydrological flow characteristics
at the basin level and define the minimum flow requirements to prevent deterioration of
ecosystems. The defined minimum flow requirements as share of the mean monthly discharge
are 75% (45%) for low-flow months, 70% (40%) for intermediate-flow months and 45% (15%)
for high-flow months. Currently, blue water consumption from industry, households and
agriculture is smaller than the global boundary. Regionally, water withdrawals – mostly for
irrigated agriculture – decrease river flow below the environmental flow requirements.
Land system change The PB for land system change aims at preserving essential biogeo-
physical feedbacks between the land surface and the atmosphere. The control variable is
the amount of forest cover of the biomes that play the strongest role in regulating energy
and moisture fluxes (temperate, tropical and boreal) relative to preindustrial forest cover.
The biome level boundaries have been set at 85% (60%) for tropical and boreal forests
and 50% (30%) for temperate forests, resulting in a globally weighted average land system
change boundary of 75% (54%). The current state of the global and regional boundaries
is highly sensitive to the classification of potential forest cover and to the identification of
deforestation.
Ocean acidification The PB for ocean acidification is oriented towards conserving coral
reefs and other marine ecosystems through maintaining carbonate chemistry. The saturation
state of aragonite is proposed as the control variable with boundary value of 80% (70%) of
the preindustrial annual aragonite saturation state and closely linked to atmospheric CO2
concentrations and ocean acidification. The current ocean state (84%) is approaching the
PB.
Other boundaries not focused on in this thesis are the PBs for introduction of novel entities
to the environment, atmospheric aerosol loading and stratospheric ozone depletion (Steffen
et al., 2015).
While the location of most boundaries is still highly uncertain and open questions remain
concerning the coherence of regional and global control variables, the concept of a safe
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operating space for humanity has received considerable interest from non-scientific sectors.
For example, there are approaches to country scale operationalisations of the PBs concept
(Cole et al., 2014; Frischknecht et al., 2014; Nykvist et al., 2013) and it was influential in the
development of the sustainable development goals (SDGs) (Griggs et al., 2013).
1.1.3. Challenges for future human development
It is a major challenge for science and policy makers to identify pathways of sustainable
future development within the physical boundaries of the safe operating space. On the one
hand the two overarching core boundaries (climate change and biosphere integrity, refer to
Sec. 1.1.2) are already within the zones of uncertainty, while the PB for biogeochemical flows
is far beyond its uncertainty level (Steffen et al., 2015). On the other hand, the continuing
socio-economic trends of population growth and economic growth imply even increasing
demands for natural resources. For example, feeding a more prosperous global population
of more than 9 billion people with higher per-capita consumption, requires substantial
increase in food production (Tilman et al., 2011), whereas agricultural land use has turned
out to be one of the most severe pressures on biodiversity, land system change, nitrogen and
phosphorous cycling and freshwater use. Furthermore, ever-increasing fossil fuel emissions
and projected increases in energy demand, are in critical contrast to the need for halting the
increase in atmospheric CO2 concentrations.
The criticality of GHG emissions has received large political and public attention and huma-
nity now recognises its effect on the functioning of the Earth system. With this awareness,
three – not necessarily independent – modes of action remain: mitigation, adaptation and
climate engineering (Fig. 1.3). TCDR strategies play a role in most of these (ref. to Sec. 1.2.3).
Mitigation Mitigation aims at avoiding severe impacts of global warming. This requires
a significant reduction of GHG emissions, implying a substantial decarbonisation of the
energy sector and economy, together with an effective management of terrestrial carbon pools.
Because the first impacts of climate change are already observed, mitigation is highly time
sensitive. In order to avoid triggering substantial thresholds of the climate system such as the
destabilisation of polar ice sheets, it is required to limit the global mean surface temperature
increase to less than 2◦C relative to preindustrial levels (Schellnhuber et al., 2016).
Adaptation Adaptation requires the modification of infrastructure and management to
cope with feedbacks of the climate system to global warming. Adaptation measures include
the construction of dykes and flood defence counteracting sea level rise, protecting housing
and infrastructure against extreme events and modifying agricultural practices and water
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deployment costs and quick operation timescales. However, SRM implies an additional modi-
fication of the Earth system – associated with new risks – and would not reverse previous
anthropogenic modifications. Thus, SRM could be effective in preventing temperature related
threshold behaviour (instability of ice shields), but is ineffectual in reversing substantial
carbon cycle modifications. Uncertainties and relevant feedbacks of SRM are assessed in
the framework of GeoMIP (Kravitz et al., 2015; Kravitz et al., 2011), the first model inter-
comparison project on CE.
CDR encompasses various processes and technologies aiming at reducing atmospheric CO2
concentrations, the main cause of global warming. These commonly redistribute atmospheric
carbon to terrestrial, geological or maritime carbon reservoirs and are also referred to as
negative emissions (NE). While CDR methods are generally associated with high economic
costs and operate on longer time scales than SRM, there is still little consensus on the impacts
and efficacy of CDR. This thesis advances the understanding of potentials and trade-offs
of terrestrial CDR methods, which utilise the natural pathway of photosynthesis to extract
carbon from the atmosphere and store it in terrestrial or geological reservoirs (refer to
Section 1.2 for details). To explore the potential, risks, and challenges of different types of
CDR, a model intercomparison project on CDR (CDR-MIP) was launched in the beginning of
2016 (Keller et al., 2016). In the first round of CDR-MIP experiments, large-scale afforestation
is the only included tCDR method.
With the adoption of the Paris Agreement by 195 nations in the framework of the United
Nations Framework Convention on Climate Change (UNFCCC) to limit global warming to
well below 2◦C (UNFCCC, 2015), an important step towards mitigation has been achieved
in December 2015. However, it is increasingly concluded that the manifested commitment
to limit global warming to well below 2◦C requires temperature control with CE, typically
via CDR technologies (e.g. Fuss et al., 2014; Gasser et al., 2015; Krey et al., 2013). Emission
reduction efforts within the next few decades will therefore determine the course of future
planetary development.
1.2. Terrestrial carbon dioxide removal
Terrestrial carbon dioxide removal comprises several proposed methods to reduce atmos-
pheric CO2 concentrations by increasing the carbon sink of the terrestrial biosphere. In the
context of this thesis two tCDR methods – afforestation (Sec.1.2.1) and biomass plantations
(Sec. 1.2.2) – are evaluated. Both methods utilise the natural pathway of photosynthesis to
extract carbon from the atmosphere. Since this is a rather inefficient process, large CDR
potentials are generally associated with large area and water requirements, posing trade-offs
to land and water demands for agriculture and conservation purposes (Beringer et al., 2011).
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As plant productivity is expected to increase with increasing atmospheric CO2 concentrations
(CO2 fertilisation) due to higher water use efficiency (Ainsworth et al., 2004), potentials
of afforestation and biomass plantations depend on underlying carbon emission scenarios.
Other suggested methods of tCDR are enhancing soil carbon sequestration through land
management and enhanced weathering of silicate and carbonate rocks to remove CO2 from
the atmosphere (Schuiling et al., 2006).
1.2.1. Afforestation
Afforestation of historically unforested land and reforestation of deforested land to semi-
natural and managed forests aims at increasing terrestrial carbon storage via higher carbon
residence times in soil and vegetation carbon pools. The carbon uptake potentials are
limited and decrease over time as forests mature. Potentials of large-scale reforestation are
at maximum in the order of magnitude of already committed land cover change (LCC)
emissions (House et al., 2002) and could not reverse fossil fuel emissions. Afforestation
and reforestation potentials considering competition with agricultural land use depend
on projections of agricultural productivity increase (Arora et al., 2011). The potentials of
large-scale afforestation considering land availability constraints have been estimated around
100 PgC on 345 Mha in a 100-year time frame (Nilsson et al., 1995) or up to 215 PgC on 800
Mha under high atmospheric CO2 concentrations (Sonntag et al., 2016).
Especially afforestation of monocultures implies ecosystem shifts and associated impacts
on biodiversity and would modify biogeophysical feedbacks such as moisture recycling
(Vaughan et al., 2011). Furthermore, reforestation and afforestation inversely impact the
Earth's radiation balance by decreasing its albedo, which can regionally outweigh the
radiative forcing effect of atmospheric carbon reduction (Betts, 2000; Pongratz et al., 2010).
Afforestation has also been shown to have positive impacts, e.g. carbon accumulation in
severely eroded soils (Xie et al., 2013).
1.2.2. Biomass plantations
Large-scale biomass plantations are suggested to extract atmospheric CO2 while increasing
biomass supply (Shepherd et al., 2009). In contrast to afforestation, biomass is frequently
harvested and subsequently concentrated and potentially stored by artificial processes (Chum
et al., 2011). Especially second-generation lignocellulosic biomass plantations (e.g. Miscanthus
and switchgrass plantations) or short rotation woody biomass plantations (e.g. willow,
poplar or Eucalyptus plantations) are considered for tCDR. Once harvested, biomass can
undergo various utilisation pathways to such as the conversion to bioenergy (with or without
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subsequent carbon capture and storage (CCS) (Klein et al., 2014a), conversion to biochar
via pyrolysis (Lehmann et al., 2006), long-term biomass burial in deep anoxic soil layers
with low decomposition rates (Zeng et al., 2013) or it can be utilised conventionally, e.g. for
construction (Sathre et al., 2010).
Energy generation from biomass is directed at substituting carbon emissions from fossil fuels
but does not effectively reverse historical emissions. Only bioenergy coupled with carbon
capture and storage (BECCS) in geologic reservoirs offers the potential to actually remove
emitted carbon from the atmosphere (Read et al., 2005). Energy yields and carbon reduction
potential from biomass harvest depend on available energy conversion and carbon capture
efficiencies, the available capacity of geological storage pools and their associated leakage
rates, as well as transient terrestrial carbon pool feedbacks after land conversion (Creutzig
et al., 2014).
The range of reported biomass harvest potentials is very high due to differences in metho-
dologies and assumptions about land availability and agricultural efficiencies (Dornburg
et al., 2010). Some assessments consider biodiversity, land and water conservation while
accounting for sustained food production (e.g. Beringer et al. (2011) with conservative harvest
rates of 1.4 PgC/a or Boysen et al. (2016) with harvest rates of 5.5 PgC/a on 5% of current
agricultural land). Other assessments assume high land availability for biomass plantations
due to agricultural productivity increase combined with high biomass yield potentials (e.g.
Smeets et al., 2007, with harvest rates of 34.4 PgC/a based on a 70% reduction of agricultural
land).
Second-generation biomass plantations resemble intensively managed agricultural systems
and are associated with similar negative impacts (Vaughan et al., 2011). They entail a
large-scale intervention into the global carbon cycle, are associated with biodiversity loss if
implemented on previously uncultivated land (Immerzeel et al., 2014), require substantial
irrigation water (Berndes, 2002; Hejazi et al., 2015) and fertilisation, which could in turn
increase N2O emissions (Crutzen et al., 2008). As in the case of afforestation, biogeophysical
effects could offset or overcompensate biogeochemical cooling through carbon removal,
particularly in high-latitudes (Bathiany et al., 2010; Betts, 2000; Boysen et al., 2016; Creutzig
et al., 2014).
1.2.3. TCDR in the context of mitigation, adaptation and climate engineering
TCDR plays an important role in the mitigation scenarios of the recent Intergovernmental
Panel on Climate Change's (IPCC) representative concentration pathway scenarios (RCPs).
Bioenergy without CCS provides a significant share of primary energy in a socio-economic
pathway associated with high emissions from fossil fuels (RCP8.5, Riahi et al., 2011). Albeit
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not classifying as tCDR, bioenergy production is associated with trade-offs that are similar to
those of BECCS which are assessed in this thesis.
Reforestation is largely deployed in the intermediate emission scenario RCP4.5 (Thomson
et al., 2011), which assumes considerable yield increase and dietary change resulting in a
significant decrease of grasslands and croplands. BECCS is an important component of the
IPCCs low-emissions scenario (RCP2.6), which shows a rapid reduction of GHG emissions
through drastic policy intervention Vuuren et al., 2011. Even net negative emissions, i.e. a net
removal of GHGs from the atmosphere, are required in most of the RCP2.6 simulations of
the coupled model intercomparison project (CMIP5) towards the end of the century (Jones
et al., 2013).
In order to have a larger than 50% chance of achieving the agreed mitigation goal to limit
the increase in global average temperature to 2◦C or 1.5◦C (UNFCCC, 2015), integrated
assessment models (IAMs) increasingly rely on large-scale BECCS to simulate compatible
socio-economic pathways (Fuss et al., 2014; Gasser et al., 2015; Smith et al., 2015). While IAMs
optimistically assume the availability of technologies for CCS and the commercial feasibility
of large-scale BECCS deployment (Kraxner et al., 2015), it is still in the development stage
(Creutzig et al., 2014; Scott et al., 2013) and its practical feasibility is being questioned (Fuss
et al., 2014). Especially the availability of biomass and underground storage capacities are
limiting factors (Kriegler et al., 2013) along with technical and socio-institutional challenges
(Fuss et al., 2014).
Besides their integral role for mitigation and adaptation pathways, biomass plantations
and afforestation are also considered part of the CE method portfolio. In this context,
biomass plantations and afforestation are usually evaluated for their ability to decrease
global warming from a business-as-usual high emission baseline (e.g. Boysen et al., 2016;
Sonntag et al., 2016). However, these measures alone are generally not considered as feasible
to counteract unmitigated global warming in the case of imminent climate catastrophes
(Boysen et al., 2016; Lenton et al., 2009; Sonntag et al., 2016).
1.3. Research questions
A quantitative global assessment of potential biogeochemical impacts and side effects of
large-scale terrestrial CDR on the Earth system is still lacking. Furthermore, tCDR potentials
and trade-offs have so far not been evaluated in the context of multiple planetary boundaries.
Previous studies have mostly focused potentials of terrestrial CDR (e.g. Arora et al., 2011;
Beringer et al., 2011; Lenton, 2010; Sonntag et al., 2016), assessed regional or field-scale
impacts (e.g. Georgescu et al., 2011; To¨lle et al., 2014; Zimmermann et al., 2013) or evaluated
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individual trade-offs at the global scale (e.g. Bonsch et al., 2014; Swann et al., 2012).
As was pointed out in the previous sections (ref. to Sec. 1.1), the biosphere is part of entangled
interactions with other Earth system components. Although its initial exploitation has led to
considerable carbon emissions and ecosystem degradation (Foley et al., 2005), the biosphere
has been proposed as instrument to reduce atmospheric CO2 concentrations. However, po-
tential unintended side effects of tCDR have been identified, which might outweigh the
intended effects in their consequences in terms of radiative forcing (Betts, 2000; Boysen et al.,
2016; Crutzen et al., 2008) or hydrological trade-offs (Bonsch et al., 2014; Hejazi et al., 2015).
In this context, it is vital to investigate trade-offs of tCDR in a holistic framework of Earth
system sustainability, as for example the planetary boundaries framework (Sec. 1.1.2, Rock-
stro¨m et al., 2009; Steffen et al., 2015). The aim of this thesis is to provide an assessment of
the potentials and associated risks of tCDR from an Earth system perspective. In particular,
biogeochemical and hydrological consequences, trade-offs between tCDR and the planetary
boundaries, co-evolutionary feedbacks and trade-offs of tCDR and agriculture with nature
conservation (Fig. 1.4). Therefore, the questions posed below are addressed with a broad
range of methods.
Figure 1.4.: Components of the thesis and research questions
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1. Is extensive terrestrial carbon dioxide removal a 'green' form of climate
engineering?
This question stems from the perception that – in comparison to other CE methods – terrestrial
CDR is often considered a natural and relatively safe option as it involves the cultivation of
plants (e.g. Shepherd et al., 2009). In light of the consequences of historical anthropogenic land
modifications (ref. to Sec. 1.1.1), it is however, important to consider potential biogeochemical
and hydrological consequences of large-scale biomass plantations. Further, it is important
to assess how different types of biomass plantations (woody and herbaceous) differ in their
C sequestration potential, water and nutrient requirements and associated biogeochemical
and hydrological impacts. Contrasting biogeochemical impacts of biomass plantations and
historical land use change with stylised scenarios informs about the potential extent of
biosphere transformation under large-scale climate intervention with tCDR in comparison to
historical human biosphere management. This question is approached by simulations with a
state of the art dynamic vegetation model (ref. to Sec. 1.4.1).
2. What are potential trade-offs of tCDR in the context of planetary boundaries?
This question is central for addressing tCDR from an Earth system perspective. Its aim
is to improve the understanding of the potential influence of tCDR deployment to the
functioning of the Earth system. As indicated in Section 1.1, the Earth system is a complex
system of interacting feedbacks. While the main motivation for tCDR deployment is the
prevention of critical feedbacks by anthropogenic climate change, unintended side effects
could trigger other critical feedbacks. Therefore it is important to incorporate multiple
planetary dimensions into the assessment of tCDR. This is done by including relevant
planetary boundaries into the assessment of tCDR potentials and investigating trade-offs
with planetary boundaries other than climate change. A second aim is to assess if and to what
extent BECCS could substitute fossil fuels and contribute to negative emissions. Multiple
trade-off analyses are performed with a multi criterial optimisation model in the framework
of planetary boundaries (ref. to Sec. 1.4.2).
3. How does societal Earth system management via tCDR influence the likelihood of
planetary boundary transgression?
Social and political actions are important drivers of tCDR. The willingness to commit to tCDR
deployment is driven by atmospheric carbon monitoring and can be expected to increase
with manifesting climate impacts. However, a dynamic integration of complex interactions
between the societal and environmental spheres is currently unfeasible due to fundamental
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conceptual problems and high computational demands (Vuuren et al., 2016; Vuuren et al.,
2012). Therefore, in the context of CE, the societal dimension is usually only included as
a scenario component to model analysis and not dynamically integrated. Exceptions are
first conceptual modelling approaches that simulate the interaction between human climate
monitoring and societal action in the form of transitions to renewable energy (Jarvis et al.,
2012) or CE (MacMartin et al., 2013). This question aims at a first analysis of the importance
of dynamic co-evolutionary interactions in the tCDR context, which is approached with a
conceptual model (ref. to Sec. 1.4.3).
4. How strong are trade-offs between afforestation, nature conservation and land for
food production?
TCDR potentials are strongly limited because of trade-offs with land for food production and
nature conservation (e.g. Beringer et al., 2011). Especially scenarios of population growth,
future food demand and agricultural intensification opportunities are main drivers of the
extent of future agricultural land use (Foley et al., 2011; Tilman et al., 2011). Therefore, it is
important to take the drivers of agricultural land use into consideration for tCDR assessments.
Widening the scope of the previous questions, this question aims at an assessment of the
opportunities of land use management for both nature conservation and tCDR. In this scope,
the aim is to identify terrestrial carbon sequestration potentials under optimal allocation of
agricultural land use which safeguards both, food demand for different socio-agrological
scenarios and sustainability constraints. This is approached with a spatially explicit land use
optimisation model, maximising carbon sequestration and biodiversity conservation.
1.4. Methods of Earth system modelling
For this thesis, modelling approaches of different complexity and mathematical optimisation
approaches are used to assess the above research questions (Sec. 1.3). In general, a model
is a simplified representation of complex processes. Computer models usually consist of a
set of algorithms and equations that are designed to adequately capture sub-processes of
the modelled system. Modelling the system (i.e. running the systems model) can be used
to predict the systems behaviour in the future, the present or the past, e.g. under modified
external forcings. This is especially relevant if controlled experiments to determine the
system's behaviour are difficult or unfeasible.
In Earth system science a wide range of methods are applied to study the co-evolutionary
system of nature and anthroposphere. These range from laboratory experiments and small
scale modelling to global-scale observation and monitoring and Earth system modelling (e.g.
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Schellnhuber, 1999). Models of the Earth system (or components of it) generally combine and
integrate a representation of our physical understanding of sub-processes or a simplification
thereof. This is based on decades of careful experimentation, observation and monitoring of
processes in the Earth system.
In the context of climate engineering, which aims at large-scale modification of the climate
system, small scale experiments and models can only provide spatially and temporally
very limited information. To conduct large-scale field experiments of CE measures to gain
detectable information about their feedback to the system would already be comparable to
actual deployment. Thus, global-scale simulations are essential to increase the understanding
of large-scale CE potentials and the associated side effects to the Earth system. In particular,
multiple model simulations can be conducted in order to examine possible system responses
to varying conditions or scenarios. For this reason, models are the fundamental tools used in
this thesis to assess tCDR in the Earth system.
The following sections give a brief overview on the modelling concepts that are applied in
this thesis. A detailed description of the methodology relevant for the conducted research is
given in independent methods sections in each chapter.
1.4.1. Dynamic global vegetation models
Dynamic global vegetation models (DGVMs) have a long history. Their development was
initiated to support the identification of solutions to global change related problems (Prentice,
1989) and identify the transient effect of climate change and land use on the biosphere (Steffen
et al., 1992). DGVMs are commonly comprised of different modules representing physiologi-
cal, biophysical, biogeochemical and hydrological processes. These include representations
of photosynthesis, transpiration, stomatal and canopy boundary-layer conductance, carbon
allocation, turnover and soil and litter biogeochemistry, establishment, disturbance and
mortality as well as resource competition for light, space and water (and nutrients) (Cramer
et al., 2001; Sitch et al., 2003).
Driven by time series of climate data, soil characteristics and topography, DGVMs simulate
ecosystem processes on an annual, monthly or daily time scale in spatially distributed grid
cells which are assumed to have homogeneous conditions. Simulation outputs are spatially
explicit time series of carbon (and water) fluxes and pools and vegetation distribution on
daily, monthly or annual time steps. The spatial resolution, i.e. the number of gridcells, can
vary significantly for different models and applications.
Vegetation dynamics are driven by net primary production (NPP), probabilities of natu-
ral disturbance and resource competition between different plant functional types (PFTs)
representing various plant species. PFTs differ in their parameterisations of physiological,
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morphological, phenological, bioclimatic and fire-response characteristics (Sitch et al., 2003).
Due to the fundamental role of agricultural systems in the terrestrial biosphere of the
Anthropocene, agricultural ecosystems have been incorporated in some state-of the-art
DGVMs. Agricultural systems are usually represented by agricultural crop functional types
(CFTs) which are distributed according to time-series of spatially explicit land use area input
data. This allows the assessment of global-scale anthropogenic ecosystem modifications and
associated land use change emissions (e.g. Bondeau et al., 2007).
Answering most of the research questions of this thesis (Sec. 1.3) requires a model of
the terrestrial biosphere with a representation of agricultural land use including biomass
plantations. LPJmL is currently the only DGVM that fully incorporates agricultural land
use and herbaceous and woody short-rotation biomass plantations at the global scale into
the terrestrial carbon and water cycle with an internally consistent modelling framework.
It computes both carbon and water flows explicitly, which is crucial for the purpose of an
integrated tCDR impact assessment. In this thesis, global spatially explicit simulations of the
biosphere for various agricultural and tCDR land use scenarios (Chapters 2, 3 and 5) are
performed with the LPJmL model.
1.4.2. Optimisation of land use scenarios
In this thesis multi-objective optimisation models are constructed in order to develop spatially
explicit land use scenarios following a variety of sustainability objectives (Chapters 3 and 5).
In general, optimisation aims at finding the parameters of a system that minimise or maximise
an objective. For a given objective function ( f (x) : A → F) the element x0 ∈ A is desired such
that f (x0) ≤ f (x), ∀x ∈ A (minimisation) or such that f (x0) ≥ f (x), ∀x ∈ A (maximisation).
The point f (x0) is referred to as the global minimum, or maximum, respectively. Depending
on the properties of the objective function a variety of optimisation approaches exist. If F is
one-dimensional the optimisation is a single-objective optimisation. If F is multi-dimensional
the optimisation problem is a multi-objective optimisation problem, regarding more than
one goal simultaneously. A multi-objective optimisation function, however, can also be
formulated as a single-objective optimisation by scalarising the optimisation problem, i.e.
adding (weighted) single objectives into a one dimensional objective function (Hwang et
al., 1979). This approach is chosen in this thesis because it increases the computational
feasibility.
In global change science, integrated assessment models (IAMs) and stand-alone land use
optimisation models are prominent examples of applied optimisation modelling for the
development and analysis of socio-economic, policy and land use scenarios. These are
generally based on economic principles and optimise economic growth or minimise costs
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(e.g. Lotze-Campen et al., 2008; Luderer et al., 2011). Furthermore, optimisation models are,
for example, applied to find solutions for sustainable land use (e.g. Cao et al., 2012; Seppelt
et al., 2002) or water use (e.g. Grundmann et al., 2011; Jiang et al., 2016).
In Chapters 3 and 5 of this thesis, two optimisation models are developed which incorporate
the states of different environmental control variables (e.g. planetary boundaries) into the
objective function. To my knowledge, these are the first optimisation models that are driven
solely by sustainability objectives without economic constraints. In contrast to prevalent
economic optimisation, this allows for the development of spatially explicit land use scenarios
(including tCDR) for a variety of sustainability constraints. Land use patterns are developed
by minimising global (and regional) aggregate impacts of spatially explicit grid cells which
are assumed to be independent (neglecting intercellular water flows). Thus the optimisation
problems are described by linear objective functions which can be approached with linear
optimisation (Sierksma, 2001).
1.4.3. Conceptual models
A conceptual model, or low-complexity model, is a relatively simple representation of a
more complex system. The aim of conceptual models – in contrast to complex models such
as DGVMs – is to test or to gain insight about dominating processes and interactions in the
modelled system and not to quantitatively predict system behaviour. A key advantage of
the simplicity of conceptual models is that they are more tractable for mathematical analysis
and applicable to long time scales (Lenton, 2000). For example, conceptual models are being
used to explore the co-evolutionary Earth system building on the assumption that societies
and nature are interacting and should be considered as integrated socio-ecological systems
(e.g. Anderies et al., 2013; Brander et al., 1998; Jarvis et al., 2012; Kellie-Smith et al., 2011;
Motesharrei et al., 2014).
In this thesis (Chapter 4), a conceptual model of the co-evolutionary Earth system in the
context of tCDR is developed to gain insights into the relevance of anthropogenic climate
management for the response of the global carbon cycle and associated planetary boundaries.
A dynamic integration of such a co-evolutionary system with complex models is currently
unfeasible due to fundamental conceptual problems and high computational demands on
social and environmental modelling sides (Vuuren et al., 2016; Vuuren et al., 2012).
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1.5. Structure of the thesis
The dissertation consists of four first-author articles (Chapters 2 to 5) in which different
aspects of tCDR are addressed with a variety of methods. The individual chapters have been
published in peer-reviewed scientific journals (Chapters 2 and 4), are currently under review
(Chapter 3) or to be submitted (Chapter 5). The articles have been produced in cooperation
with other authors, whose contributions are listed at the end of each chapter.
Chapter 1 provides an overview on past anthropogenic interferences in the Earth system, the
concept of a safe operating space for humanity and the potential role of tCDR in mitigation,
adaptation and CE pathways. Moreover, the research questions of this thesis and relevant
methodological approaches are outlined.
Chapter 2 develops a metric to assess the biogeochemical state of the biosphere. This is
applied to compare biogeochemical and hydrological impacts of large-scale herbaceous and
woody short rotation biomass plantations against the impacts associated with historical
land use change simulated with LPJmL. The study highlights that biomass plantations are
associated with substantial biogeochemical and hydrological impacts and should thus not be
interpreted as a safe or 'green' climate engineering option.
Chapter 3 improves the understanding of the trade-offs between tCDR deployment and the
status of planetary boundaries, taken as a measure for the integrity of the Holocene-state of
the Earth system. With a spatially explicit optimisation, scenarios of herbaceous and woody
biomass plantations are developed under consideration of multiple criteria for safeguarding
the status of several planetary boundaries. This shows only limited potential for negative
emissions if planetary boundaries are safeguarded.
Chapter 4 addresses the relevance of societal drivers for tCDR and the feedback of the carbon
system. A conceptual earth system model is extended with a simple feedback loop mimicking
societal observation of atmospheric CO2 concentrations and response in the form of tCDR.
The resilience of the co-evolutionary system is assessed with a basin stability approach, which
shows that the opportunities to remain within the carbon-related planetary boundaries only
exist for a small range of anticipation levels and depends critically on emission-scenarios.
Chapter 5 integrates population and food demand scenarios into tCDR assessment. It evalu-
ates the opportunities for carbon sequestration and biodiversity conservation by improved
agricultural management and reallocated land use for different population and food supply
scenarios. Spatially explicit land use scenarios are developed with an optimisation approach
that minimises carbon losses and the risk for biodiversity loss. They show considerable
potential for terrestrial carbon sequestration if agricultural productivities increase.
Chapter 6 summarises and synthesises the findings of the individual chapters, assesses the
robustness of the results and provides an outlook to promising future research questions.
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Abstract
Biological carbon sequestration through implementation of biomass plantations is currently
being discussed as an option for climate engineering (CE) should mitigation efforts fail
to substantially reduce greenhouse gas emissions. As it is a plant-based CE option that
extracts CO2 from the atmosphere, it might be considered a 'green' CE method that moves
the biosphere closer to its natural, i.e. pre-Neolithic, state. Here, we test this hypothesis by
comparing the biogeochemical (water- and carbon-related) changes induced by biomass
plantations compared to those induced by historical human land cover and land use change.
Results indicate that large-scale biomass plantations would produce a biogeochemical shift in
the terrestrial biosphere which is, in absolute terms, even larger than that already produced
by historical land use change. However, the nature of change would differ between a world
dominated by biomass plantations and the current world inheriting the effects of historical
land use, highlighting that large-scale tCDR would represent an additional distinct and
massive human intervention into the biosphere. Contrasting the limited possibilities of tCDR
to reduce the pressure on the planetary boundary for climate change with the potential
negative implications on the status of other planetary boundaries highlights that tCDR via
biomass plantations should not be considered a 'green' CE method but a full scale engineering
intervention.
1An edited version of this chapter has been published as: V. Heck et al. (2016b). “Is extensive terrestrial
carbon dioxide removal a ‘green’ form of geoengineering? A global modelling study”. In: Global and Planetary
Change 137, pp. 123–130. doi: 10.1016/j.gloplacha.2015.12.008
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2.1. Introduction
Terrestrial carbon dioxide removal (tCDR) i.e. harvesting terrestrial biomass and storing the
contained carbon into inert stores or utilising it as bioenergy feedstock with subsequent
carbon capture and storage is considered an effective mechanism for extracting carbon
dioxide (CO2) from the atmosphere (Caldeira et al., 2013; Lenton, 2010). Because this CE
method would not require the implementation of major technologies as in the case of solar
radiation management (SRM), it is frequently also considered a relatively safe option (e.g.
Shepherd et al., 2009). The biomass focus of tCDR, and the fact that bioenergy produced from
biomass is often regarded as green energy (e.g. Midilli et al., 2006; Wu¨stenhagen et al., 2006),
suggest that tCDR might be seen a 'green' CE method, even with benefits for biodiversity or
soil properties (e.g. Rowe et al., 2007; Schulz et al., 2009). One could thus assume that a world
rich in biomass plantations would move the biogeochemical status of the biosphere partially
back toward its natural, i.e. pre-Neolithic state with potential natural vegetation. The present
modelling study quantifies the changes in terrestrial carbon-water biogeochemistry that a
world in which the current cropland and grazing land is replaced by tCDR plantations would
induce and compares them to the changes already caused by agriculture (e.g. Foley et al.,
2005; Krausmann et al., 2013; Ostberg et al., 2015; Steffen et al., 2015). Because changes in
carbon and water fluxes and pools on biomass plantations are important indicators of overall
biogeochemical changes of biomass systems, we consider changes in the biogeochemical
carbon-water state as a proxy for overall changes of the biogeochemical state of the system.
We argue that tCDR could be classified as a 'green' form of CE, if large-scale tCDR shifted
the biosphere into a direction that partially reverses the effects of agriculture on terrestrial
biogeochemistry. If the opposite was true, 'engineering' would truly be an appropriate term
and tCDR indeed be a global-scale engineering intervention into planetary biogeochemistry,
leaving the Earth even more anthropogenically altered than it presently is through global
agriculture. To assess whether tCDR fits this classification of a green climate modification, we
perform a set of stylised global model experiments, which enable us to assess the impacts of
one century of tCDR plantations on global carbon-water biogeochemistry in comparison to
the respective impacts of historical land use over the past century. The aim is not to investigate
specific scenarios of potential tCDR implementation and their very consequences, but to gain
basic insight into the biogeochemical differences between four contrasting 'worlds' a world
of potential natural vegetation (PNV) without human interference; the present-day world
with global-scale agriculture; and two hypothetical tCDR worlds where land areas currently
converted to land use are instead cultivated with tCDR-oriented woody and herbaceous
biomass plantations, respectively.
This analysis occurs in the wider context of discussions on possibilities to moderate climate
change by CE as recently highlighted e.g. in the IPCC's summary for policy-makers (IPCC,
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2013). Several CE methods have been proposed to reduce global warming should it continue
unabatedly in the future and should mitigation efforts fail. They can be divided in two
categories, namely SRM and carbon dioxide removal (CDR) (Caldeira et al., 2013; Vaughan
et al., 2011). SRM methods meet with interest due to their relatively low deployment costs
and high potential to reduce global mean temperature (Shepherd et al., 2009). However,
residual (and potentially novel) climatic changes and their impacts, continued CO2 effects,
an absence of governance structure and rapid temperature increases in case of planned or
unplanned termination of SRM deployment render its possible realisation highly problematic
(Sillmann et al., 2015). In comparison, an implementation of tCDR could be seen as potentially
less critical, albeit it would reduce global warming less effectively and more slowly (Caldeira
et al., 2013; Shepherd et al., 2009).
Besides CE, biomass plantations for bioenergy production are part of mitigation portfolios
projecting climate scenarios consistent with the 2◦ target (Fuss et al., 2014; Klein et al., 2014a).
The Representative Concentration Pathways (RCPs) that peak within this century (RCP 2.6
and 4.5) both include extensive bioenergy use as well as large-scale re- and afforestation
(Thomson et al., 2011; Vuuren et al., 2011), implying major restructuring of the land surface
on top of existing land use change (LUC). While warming reduction potentials of large-scale
biomass plantation deployment for either mitigation or CE have been discussed and reviewed
(e.g. Beringer et al., 2011; Lenton, 2010; Slade et al., 2014), the overall biogeochemical impacts
of such plantations have, to our knowledge, not yet been assessed at the global scale and
compared to historical human biosphere management. For the sake of basic understanding we
analyse the carbon-water biogeochemistry of two tCDR worlds in which either herbaceous or
woody biomass plantations substitute historical land use. Simulations were performed with
the LPJmL model of the terrestrial biosphere including agriculture and biomass plantations
(Beringer et al., 2011; Bondeau et al., 2007; Schaphoff et al., 2013). As our prime interest is to
quantify how a tCDR world would biogeochemically differ from today's agricultural world
and a world with PNV, we assume that the plantations are deployed on all present land
use areas. We ask the following question: Would either of the two tCDR worlds be closer to
PNV than today's agriculture with respect to their global biogeochemical properties − or
would the deviations of the tCDR worlds from the PNV world represent yet another major
biogeochemical shift?
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2.2. Methods
2.2.1. The LPJmL model
LPJmL is a process-based dynamic global vegetation model with representations of natural
and managed ecosystems. It simulates key ecosystem processes such as photosynthesis, plant
and soil respiration, carbon allocation, evapotranspiration, phenology and resource competi-
tion, at daily time steps with a spatial resolution of 0.5◦. The carbon cycle in LPJmL is fully
coupled to the hydrological cycle, which distinguishes evapotranspiration, runoff, snowmelt,
soil moisture, river discharge and irrigation water use (Bloh et al., 2010; Gerten et al., 2004;
Rost et al., 2008b). Simulations are driven by monthly fields of (temporally disaggregated)
temperature, precipitation and cloud cover, annual atmospheric CO2 concentrations, and data
on soil texture and river flow directions. A detailed description of the processes controlling
vegetation and biogeochemical dynamics can be found in (Beringer et al., 2011; Bondeau
et al., 2007; Rost et al., 2008b; Sitch et al., 2003), hence only a short summary is provided
here.
Natural vegetation is represented by nine plant functional types (PFTs) that dynamically
evolve depending on climate (Sitch et al., 2003); agricultural vegetation is represented
by 12 crop functional types (CFTs) and grazing land, with prescribed distribution and
management such as irrigation (Bondeau et al., 2007). The model can further represent
the growth and management of three lignocellulosic 2nd-generation biomass functional
types (BFTs) on prescribed areas. These encompass fast growing, highly productive C4
grasses, temperate deciduous trees, and tropical evergreen trees (Beringer et al., 2011).
Their parameterisation is largely identical to their natural PFT equivalents and modified
to represent the different growing conditions on managed plantations, such as regular
plant arrangement, higher light availability and effective pest and fire control. Parameter
values are selected from observations of the growth characteristics of Miscanthus/switchgrass
cultivars for the herbaceous BFT, and willows/poplars and Eucalyptus plantations for the
temperate and tropical woody BFTs, respectively. Overall the modifications lead to higher
carbon assimilation in BFTs compared to their PFT equivalents. Growth, phenology and
productivity of all plant types and the distinction between temperate and tropical woody BFTs
are governed by climatic conditions and by management if applicable. In contrast to CFTs
using the C4 photosynthetic pathway, herbaceous BFTs can maintain high photosynthetic
activity also at low temperatures down to 5◦ C (Naidu et al., 2003).
Irrigation water demand of CFTs and BFTs is determined from the soil water deficit below
optimal growth of the present CFTs (Rost et al., 2008b, updated by Ja¨germeyr et al., 2015).
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Irrigation water is withdrawn from rivers (including groundwater baseflow), lakes and reser-
voirs, taking into account irrigation efficiencies constrained by local renewable availability
and applied via three different irrigation systems (Ja¨germeyr et al., 2015) after accounting for
household, industry and livestock water use. Agricultural management is represented by
three CFT- and country-specific parameters, calibrated to simulate the best approximation
to FAOSTAT national yields from 1999-2003 as described by Fader et al. (2010). Note that
in contrast to agricultural CFTs, BFTs are not calibrated due to a lack of data, but evaluated
against field data in Section 2.2.2.
CFTs are harvested at maturity or when the maximum length of the growing period is reached
(Bondeau et al., 2007). Harvest management of woody and herbaceous BFTs represents
reported agricultural practices on second generation biomass plantations. For herbaceous
BFTs 85% of the leaf mass is simulated to be harvested once or several times per year when
aboveground carbon storage reaches 400 g/m2 (e.g. Ashworth et al., 2013; Johnson et al.,
2012). Management of woody BFTs reflects short rotation woody energy crops management
in which young tree stems are cut down near the ground at relatively short intervals. In
LPJmL the length of one rotation period, i.e. the length of the harvest cycle, is 8 years, which
is rather at the upper end of reported intervals of 3-10 years (Lemus et al., 2005). However, the
saplings that are cultivated on industrial plantations have usually been grown in greenhouses
up to a considerable size of more than 30 cm. In LPJmL these cuttings are assumed to be
grown from small saplings on the field, justifying relatively long rotation periods. Plantation
lifetime is 40 years (i.e. 5 rotations), which is in line with estimates of three to seven rotations
(Heller et al., 2003; Langholtz et al., 2013).
The general performance of LPJmL and its predecessor without managed land (LPJ) has been
extensively validated. Simulation results of LPJmL that have successfully been compared
against site specific or satellite data include: carbon flux dynamics over natural vegetation
(e.g. Beer et al., 2006; Schaphoff et al., 2013; Sitch et al., 2003), agricultural carbon fluxes and
yields (Bondeau et al., 2007; Fader et al., 2010), vegetation carbon and density (Beer et al.,
2006; Lucht et al., 2002), water flux dynamics and river discharge (e.g. Gerten et al., 2004;
Schaphoff et al., 2013), soil moisture (Wagner et al., 2003) and irrigation water demands
(Ja¨germeyr et al., 2015; Rost et al., 2008b). Furthermore, various multi-model studies indicate
that LPJmL results are well in the range between other (dynamic) global vegetation models
(e.g. Friend et al., 2013; Gerten et al., 2004; Nishina et al., 2014).
2.2.2. Evaluation of biomass yields
Simulated biomass potentials strongly depend on the parameterisation of the plantation
management in LPJmL, which in turn influences the simulated impacts on the terrestrial
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carbon and water cycle. Therefore, a validation of biomass plantation performance against
field data is essential for establishing the reliability of simulation results. Due to data scarcity
concerning biogeochemical impacts of biomass plantations, we here limit our global-scale
validation to reported biomass yields and refrain from a validation of specific biogeochemical
processes. However, LPJmL is an internally consistent and well validated framework. Hence,
the influence of parameter changes that maintain a good representation of biomass yields on
simulated carbon and water impacts is limited.
A global validation is made difficult by heterogeneous properties of available field data
as well as inherent differences between simulation and observation. The latter include
differences in spatial scales (small-scale experimental plots vs. large-scale grid cell-based
simulations) and environmental conditions (site-specific characteristics of soils, microclimate
and cultivar variety vs. grid cell-scale averaged conditions). Heterogeneity of field data is
mostly due to different foci of biomass yield studies and thus varying experimental setup
(e.g. different soils, plant species, fertiliser and irrigation management, crop spacing and
sapling size), which cause strong variations in reported yield ranges, even for similar plants
and climates. Furthermore, experimental data is skewed geographically and mostly limited
to North America and Europe (see Fig. 2.1). Comparisons between field data and larger-scale
simulations should therefore be considered under the premise of large uncertainty on both
sides.
For the evaluation of our model results despite all uncertainties, we compare the mean of
the minimum and maximum reported yields from varying observation periods to 16-year
(1993-2008) LPJmL-computed yield averages. To this end, irrigated and rainfed herbaceous
and woody biomass plants were simulated to grow globally, wherever biophysical condi-
tions enabled sustained growth (Fig. 2.1). The temporally averaged simulated yields were
then compared to reported biomass yields of switchgrass, Miscanthus, poplar, willow and
Eucalyptus plantations on experimental test-sites located in the respective grid cell. To depict
the associated data uncertainties, the minimum and maximum of the reported yields are
included as error bars in the scatterplots of Fig. 2.1. These are site-specific management
uncertainties and reflect the diverse sources of reported yield ranges, such as variation of soil
conditions, plant species, fertiliser and irrigation management, crop spacing or sapling size.
Management uncertainty in LPJmL is limited to irrigation management (range of rainfed
and fully irrigated), because soil conditions, plant species and plantation characteristics (e.g.
crop spacing and sapling size) are parameterised and not varied here. We take this as a
valid approximation of management uncertainty, because simulated yields depend strongly
on irrigation water management in most regions, and the thus simulated yield range is
likely to incorporate the overall management uncertainty. Experimental data included in this
evaluation can be found in the supplementary material; the majority of literature is reviewed
by Searle et al. (2014).
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Immediate observations of our evaluation (Fig. 2.1) are large uncertainty ranges in both
observed and modelled BFT yields as well as a poorly sampled spatial distribution of
biomass plantations in experimental data. Furthermore, there are examples where two nearby
experimental sites of the same biomass plantation type produce rather different levels of
agreement with the simulation data, as in the mid-western US (Fig. 2.1a) or eastern Brazil
(Fig. 2.1b). Such strong regional variations in field data are likely the result of differences in
local conditions, experimental design or reporting, and unlikely to truly reveal deficiencies
in our large-scale generalised modelling.
(a)Herbaceous biomass yields [t DM/ha/yr]
(b)Woody biomass yields [t DM/ha/yr].
Figure 2.1.: Map of simulated biomass yields from rainfed herbaceous (a) and woody (b) BFTs (averages
1993-2008). Dots indicate the location of the experimental sites and measured yield, with colours
scaled to map colours. Scatterplots contrast the observed and simulated yields in the respective
grid cells. Model uncertainty is derived from simulations with and without irrigation. Observation
uncertainty reflects dependencies on plantation management (see text).
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Considering such large uncertainties, LPJmL simulations are within the general range
reported for switchgrass and Miscanthus yields (scatterplot in Fig. 2.1a), though with consi-
derable scatter to both sides of the 1:1 line. A comparison of the mapped simulated yields to
the observed dots in the foreground indicates that especially in the US and Europe, simulated
and observed yields are similar, yet also with exceptions. A single study area in Indonesia
indicates that simulated high biomass yields in the tropics should be realistic.
Despite even more degrees of freedom in the cultivation and management of woody biomass
plantations (e.g. sapling size and planting density), Fig. 2.1b indicates that LPJmL simulations
do not substantially deviate from the reported yields of woody biomass trees in Europe,
the US and west Africa, but underestimate yields for some highly productive test sites in
Brazil and southern India. However, these test sites were subject to intensive irrigation and
fertilisation management, which justifies that reported yields can only be met by LPJmL with
high irrigation, i.e. the upper uncertainty range. A sensitivity analysis of woody biomass
plantation management parameters (results not shown) indicated that a shorter rotation
period (6 years) and plantation lifetime (30 years) led to small yield reductions in Eucalyptus
test sites and to a small yield increase in poplar and willow test sites, owing to the fact
that tropical BFTs profit from longer rotation periods because of slower growth. However,
the yield differences are relatively small, for example when compared to yield differences
induced by CO2 fertilisation of the 21st century. The chosen parameterisation results in the
best overall match between data and observations.
2.2.3. Model setup and simulations
We assess the influence of one century of tCDR plantations (trees, tCDR-t; grass, tCDR-g) on
global carbon-water biogeochemistry in comparison to the impacts of historical agricultural
development during the past century (AGR simulation) and measure the differences to the
potentially 'natural' vegetation state of the Earth system (PNV). For this, the LPJmL model
was forced with historical climate data taken from CRU TS3.10 (Harris et al., 2014) covering
the period 1901-2005. All four simulations (Table 2.1) were preceded by a 5000-year spin-up
with PNV during which the climate of the years 1901-1930 was repeated, bringing soil carbon
pools and natural vegetation distribution into equilibrium, and a second spin-up period
of 390 years. The latter had unchanged conditions for the PNV reference simulation but
introduced historical agriculture (annual cropland extent and crop type distribution per
0.5° grid cell after Portmann et al., 2010, irrigated fraction per crop type after Ja¨germeyr et al.
(2015)) from 1700-1900 in the other simulations, allowing for a historical adjustment of carbon
pools. The subsequent simulations from 1901 used the historical land use and irrigation
patterns in the AGR simulation. Our tCDR scenarios assume large-scale and instantaneous
implementation with the extent of current land use areas. For better comparability to AGR,
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we fix tCDR-g and tCDR-t areas and irrigated cell fractions to cropland and pasture areas of
2005 (Table 2.1). For the quantification of carbon and water related impacts after ∼100 years
of tCDR cultivation, we average changes in biogeochemical carbon-water states over the last
24 simulation years (1982-2005), i.e. three harvest cycles of woody plantations.
Simulation Vegetation type Area 2nd spin-up
PNV potential natural vegetation global 390 years PNV
AGR historical land use historical land use areas 390 years agriculture
tCDR-g herbaceous biomass land use areas of 2005 390 years agriculture
tCDR-t woody biomass land use areas of 2005 390 years agriculture
Table 2.1.: LPJmL simulations of the different worlds from 1901-2005. Land use areas (crops & pastures) and
irrigation patterns as in Ja¨germeyr et al. (2015).
2.2.4. Biogeochemical change metrics
To determine whether tCDR worlds would imply biogeochemical alterations of similar
magnitude as historical land use, we consider four variables which constitute a subset of
biogeochemical variables influential for Earth system functioning, as follows:
1. Net water fluxes, here evapotranspiration (ET), important for moisture cycling and
heat exchange.
2. Vegetation productivity (NPP) as a measure of biomass functionality producing the
trophic basis on which all living land organisms depend.
3. The land system carbon storage pool (C), i.e. soil and litter carbon (Csoil) plus vegetation
carbon (Cveg), which is essential for (climate effective) carbon storage and forms the
substrate of landscapes.
4. Vegetation carbon residence time (τ), a determinant of carbon cycle intensity in vegeta-
tion that can be inferred from Cveg and NPP (Friend et al., 2013; Koven et al., 2015) for
natural vegetation and woody biomass plantations for relatively short time steps:
τ ≈ Cveg
NPP− ΔCvegΔt
. (2.1)
Eq. 2.1 is not valid on agricultural land and herbaceous biomass plantations due to
annual or multiple harvest events. Thus, the carbon residence time is determined from
the crop growing period (tgc): τ = 0.5 tgc on those areas.
We derive the four-dimensional biogeochemical state vector (S, Eq.2.2) from the global
averages of these variables and obtain local vectors at grid cell level for the period 1982 - 2005
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for each of our simulations. To compensate for the different orders of magnitudes of vector
components, each component is normalised to PNV on both global and local levels:
Sn =
⎛
⎜⎜⎜⎝
ET/ETPNV
NPP/NPPPNV
C/CPNV
τ/τPNV
⎞
⎟⎟⎟⎠→ SnPNV =
⎛
⎜⎜⎜⎝
1
1
1
1
⎞
⎟⎟⎟⎠ (2.2)
We choose the difference in the magnitude d and the angle θ between the normalised state
vectors Sn of PNV and AGR, tCDR-t and tCDR-g, respectively, as measures of difference
between the corresponding worlds (supplementary Fig. 2.4):
d = |Sn| − | SnPNV | θ = arccos
(
Sn · SnPNV
|Sn|| SnPNV |
)
. (2.3)
The difference in magnitude of two state vectors, d, is a measure of how the respective land
use world differs from PNV in each of the fundamental variables (i.e. increase or decrease
relative to PNV). It can be interpreted as an aggregate measure of volume changes in the
biogeochemical biosphere state. The angle between vectors ('angular shift' in the following),
θ, is a measure of how the vector components are differentially affected, i.e. how they change
in relation to each other, thus indicating how internal system dynamics are shifted. If all
state vector components are positive, angular shifts range between 0◦ and 90◦. A balanced
increase of all vector components results in θ = 0, whereas a change in just some vector
components leads to a shift of vector direction (see supplementary Fig. 2.4).
To better understand the discrepancy between the different worlds, the components under-
lying the metric and other carbon and water fluxes are analysed in some more detail.
2.3. Results and discussion
2.3.1. Metrical shifts in biogeochemistry
Applying our aggregate metric of angular and absolute state vector shifts (Section 2.2.4), we
find that global angular state vector shifts induced by tCDR (irrespective of whether woody
or herbaceous) would tend to be higher than those induced by current agriculture, which
has already had strong impacts on many Earth system components (e.g. Foley et al., 2005;
Pongratz et al., 2009; Rost et al., 2008a). In other words, large-scale implementation of tCDR
on current agricultural land would shift the biosphere's biogeochemical status even further
away from PNV than historical land use did (angular shifts in Figure 2.2) due to higher
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shifts in the interrelation of different biogeochemical components (refer to Section 2.2.4).
The angular shifts of woody biomass plantations (tCDR-t) are similar in magnitude to those
of AGR, whereas a tCDR-g world would even induce global shifts almost twice as large
(Fig. 2.2).
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Figure 2.2.: Angular shifts (y-axis) and differences in vector length (x-axis) between the state vectors of the land
use worlds and the PNV world, represented by the midpoint of the respective grey circle (indicating
the components of PNV). The contributing changes (i.e. impacts on cultivated areas) are normalised
to PNV and depicted as coloured components.
The biogeochemical differences underlying similar angular shifts are very different for the
AGR and the tCDR worlds (position on x-axis in Fig. 2.2), pointing to dissimilarities in the
nature of changes. In contrast to the effect of historical agriculture, which induces a large
negative aggregate difference d to PNV, the tCDR-t and tCDR-g worlds show much smaller
negative differences to PNV. However, these overall smaller differences must not be taken
as evidence for tCDR worlds being closer to PNV, since d only measures the aggregate
differences of the four state vector components. The actual changes of metric components
(shown for the cultivated areas alone in colours in Fig. 2.2) indicate that smaller differences on
tCDR areas are caused by component-specific increases and decreases, namely by increased
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NPP and water fluxes, and decreased carbon pools and residence time (also see Table 2.2). In
contrast, the large negative difference d between AGR and PNV is caused by decreases in
all of the state vector components. Overall, we find that − besides smaller differences in C
pools − both tCDR worlds show larger changes from a PNV world than historical LUC on
the global scale.
The spectrum of local angular shifts on the actually cultivated areas (Fig. 2.3 c, d) is similar in
the AGR and tCDR-g worlds, with the majority of shifts being in the same interval (30◦ − 40◦)
in both worlds. However, tCDR-g exhibits more cells with stronger angular shifts (> 40◦)
than AGR, meaning that also at the local level biogeochemical shifts are higher under tCDR-g
than those brought about by historical LUC. Furthermore, we find mostly positive aggregate
differences to PNV in tCDR-g in contrast to mostly negative aggregate differences in AGR
(indicated by the colour scaling in Fig. 2.3), highlighting once more that the similar angular
shifts refer to different causes (as found for the global sums in Fig. 2.2). This causality is
reflected almost homogeneously in the spatial distribution of aggregate differences in Fig. 2.3
(see supplementary Fig. 2.5 for tCDR-t). The regional differences of tCDR-g to PNV are
positive in the majority of regions, with exceptions of negative differences in the boreal
region, western Africa and the western US. In contrast, historical LUC has induced negative
aggregate differences to PNV in almost all parts of the world, with few exceptions of increases
in dry but irrigated areas.
The retained negative and positive metric differences of tCDR and LUC across spatial scales
confirm that tCDR would not establish a more natural system than historical LUC − neither
on the global nor on the regional level. It implies even larger, and distinct, biogeochemical
shifts away from PNV than those brought about by historical land use.
So far LUC has modified the Earth system in a way that carbon and water fluxes are smaller
than under natural conditions (Pongratz et al., 2009; Rost et al., 2008a), whereas cultivation
of biomass plantations would engineer the system to higher carbon (NPP, harvest) and water
fluxes (ET) (Fig. 2.2, Table 2.2). Especially high carbon fluxes in and out of the biosphere
and the shorter residence time of vegetation carbon point towards an intensification of the
carbon cycle. Unlike the well-understood global warming-induced intensification of the
hydrologic cycle (e.g. Huntington, 2006), the meaning of an intensifying carbon cycle is less
obvious. However, such alterations of biogeochemical conditions are likely to have substantial
effects on ecosystems on all scales, with repercussions to underlying processes (not explicitly
studied here) and to the whole Earth system (Ostberg et al., 2013).
32
2.3. Results and discussion
Figure 2.3.: Absolute differences on cultivated areas (top), together with their aggregation to the respective
angular shifts at grid cell level (bottom) for the cultivated areas of tCDR-g (a, c) and AGR (b, d).
The bottom diagrams (c, d) combine angular shifts and differences. Cells with similar angular
shifts are aggregated in pie segments (radial scaling). Pie segments are coloured according to the
respective metrical differences in that segment, with the same colour scaling as in the map. To
avoid that results mainly reflect the cultivation pattern (i.e. that they are implicitly weighted with
the cultivated fractions of cells), we calculated the metric on the actually cultivated areas only. See
Fig.2.5 for tCDR-t.
2.3.2. Impacts and implications of changes in the individual metric
components
We here analyse the changes in individual metric components both, quantitatively and
qualitatively (supplementary Fig. 2.6, Table 2.2). For that purpose the planetary boundary
concept is suited to study the severity of implications of large-scale tCDR, as the status of
seven out of the nine proposed boundaries (Rockstro¨m et al., 2009; Steffen et al., 2015) is
influenced by land use. The positioning of our hypothetical worlds within this framework
allows us to classify the impacts of tCDR for Earth system functionality.
On the positive side, the simulated woody and herbaceous biomass yields (7.2 PgC/yr
and 19.0 PgC/yr, Table 2.2) indicate that tCDR − or bioenergy production as a form of
mitigation − could help to reverse the transgression of the planetary boundary for climate
change, i.e. reduce global warming. Assuming combined biomass conversion and storage
efficiencies of 50% (Lenton, 2010) as well as steady soil and vegetation carbon pools, we
estimate a temperature reduction potential of 0.07-0.19 K after 10 years of herbaceous biomass
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plantations, based on the TCRE-approach (Matthews et al., 2009), with a range of warming
of 0.7 - 2.0 K per 1000 PgC (Gillett et al., 2013).
Table 2.2.: Absolute values of studied variables under conditions of PNV as well as their absolute (and
percentage) differences in tCDR and AGR worlds compared to PNV, averaged over 1982-2005.
Variable PNV tCDR-g tCDR-t AGR
NPP [PgC/yr] 61 +14 (+22%) +7 (+11%) -3 (-5%)
Soil carbon [PgC] 2099 -62 (-3%) +8 (+0%) -138 (-7%)
Vegetation carbon [PgC] 776 -160 (-21%) -122 (-16%) -193 (-25%)
Heterotrophic respiration [PgC/yr] 54 -3 (-6%) +1 (+2%) -8 (-15%)
Harvest [PgC/yr] − 19 7 9
ET [km3/yr] 63159 +1418 (+2%) +1474 (+2%) -60 (-0%)
Evaporation [km3/yr] 7666 +1225 (+16%) +2257 (+29%) +6952 (+91%)
Interception loss [km3/yr] 8777 -98 (-1%) -41 (-0%) -1712 (-20%)
Transpiration [km3/yr] 46717 +291 (+1%) -741 (-2%) -5300 (-11%)
Discharge [km3/yr] 55134 -2149 (-4%) -2261 (-4%) -722 (-1%)
Irrigation water consumption
[km3/yr]
− 1344 1501 1164
According to the present findings, this potential implies significant NPP increase on biomass
plantations, which was the most crucial difference between current agriculture and tCDR
in our aggregate metric, as land use in the form of tCDR is up to 20% more productive
than PNV around the world (supplementary Fig. 2.6). This is in strong contrast to the
current situation (AGR), where NPP only increased in dry areas with irrigation and in other
intensively managed agricultural areas (e.g. in parts of Europe, supplementary Fig. 2.6).
While DeLucia et al. (2014) estimate high potential NPP increases for crops with low nitrogen
requirements and high water use efficiency, Haberl et al. (2013) argue that global NPP is
limited by biospheric constraints and unlikely to exceed current NPP. However, our evaluation
of the simulated yields (Section 2.2.2) indicates that − in intensively managed systems −
productivity and biomass yields are of realistic magnitude.
Nonetheless, the simulated NPP increase would imply more or less intensive nutrient and
water management, with direct feedbacks to the status of other planetary boundaries such as
those for biogeochemical flows and freshwater use. We estimate N fertiliser requirements
of 50-150 kg N/ha/yr for herbaceous biomass plantations, in line with many respective
field studies (Section 2.5, supplementary material), assuming replenishment of harvested N
and a biomass N content between 0.5% (Karp et al., 2008; Kauter et al., 2001) and 1.5 % (Yu
et al., 2013). The simulated herbaceous biomass harvest would thus require an N fixation
significantly higher than the currently proposed planetary boundary value (62 TgN/yr)
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(Steffen et al., 2015). Also, N2O emissions resulting from fertilisation have a high global
warming potential which in turn decreases the temperature reduction potential.
Overall, simulated impacts on global water dynamics are smaller than those on carbon
dynamics (Table 2.2). There are however large deviations between tCDR and AGR that
contribute to the contrasting metric differences. ET in both tCDR worlds is significantly
higher compared to both the present and the PNV world (mostly below 40◦ N, supple-
mentary Fig. 2.6) due to higher plant transpiration and interception. As a corollary, irrigation
water consumption in the tCDR worlds is simulated to be 15% to 28% higher than currently
(Table 2.2), which would imply a position closer to the planetary freshwater boundary
(currently positioned at 4000 km3/yr and being approached fast, Gerten et al. (2015)). The
higher ET and increased irrigation water consumption in our tCDR worlds (caused by longer
growing periods, higher vegetation density and higher transpiration) lead ultimately to more
significant discharge reductions than under historical land use.
Further biogeophysical changes due to large-scale tCDR, such as changes in albedo or surface
roughness (Bagley et al., 2014) are likely to influence local and regional climate (Georgescu
et al., 2011; To¨lle et al., 2014), with possible teleconnections at global scale (Swann et al., 2012).
These changes strongly depend on the cultivation region, as well as the replaced vegetation
(Caiazzo et al., 2014). Nevertheless, a large-scale modification of terrestrial biogeophysics
with impacts on the atmospheric circulation might also be significant at the global scale and
thus represent high risks of transgressing the global land-system boundary (motivated along
the exchange of energy, water and momentum between the land surface and the atmosphere;
Steffen et al., 2015).
Last but not least, the acquisition of large areas for biomass plantations poses risks for
biodiversity, which is often the main concern of bioenergy sustainability studies (Dornburg
et al., 2010). The impacts on biodiversity in a tCDR world − and thus on the status of the
planetary boundary for biosphere integrity − are difficult to estimate in the context of our
study since they depend vastly on plant choice, plantation management and the replaced
land use system. Comparing agricultural systems to biomass plantations, especially woody
biomass plantations are shown to maintain higher biodiversity than intensive agricultural
systems (Lindenmayer et al., 2004; Londo et al., 2005; Schulz et al., 2009). However, there are
conflicting views on biodiversity impacts when replacing pastures with biomass plantations
(as in our tCDR simulations) (Felton et al., 2010; Hsu et al., 2010; Sage et al., 2010; Werling
et al., 2014). Overall, tCDR might pose slightly smaller risks to biosphere integrity boundary
than historical LUC.
Similar to the biogeochemical metric shifts analysed above (Section 2.3.1), the influence
of tCDR on the status of the planetary boundaries demonstrates once more that biomass
plantations do not represent a more natural system than today's agricultural system. While
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our analysis has shown that large-scale tCDR could reduce the degree of transgression of
the planetary boundary for climate change (and potentially that for ocean acidification,
which is directly related to atmospheric CO2 concentration), it would at the same time
result in a similar or even higher pressure on other boundaries such as those for land-
system change, biosphere integrity, biogeochemical flows, and freshwater use than today's
agriculture-dominated world. This would be especially true if tCDR were implemented
alongside current agriculture.
2.4. Conclusions
In conclusion, our analysis has shown that shifts in carbon-water biogeochemistry induced
by tCDR with large-scale biomass plantations would be even higher than those induced by
historical land use. The nature of those tCDR-induced shifts, however, differs from those
historical shifts. This means that the large-scale implementation of tCDR would not be a
'green' transition back to a more natural state of the biosphere, but rather another major
human engineering intervention into terrestrial biogeochemistry, moving Earth further into
a historically unprecedented state of anthropogenic imprint. Eventually, the possible, yet
limited, contributions of tCDR to reduce climate change would come at the price of similar
or higher pressures on the planetary boundaries for land-system change, biosphere integrity,
biogeochemical (nitrogen and phosphorus) flows, and freshwater use. We thus argue that
tCDR must be considered a form of full-fledged engineering with massive biogeochemical
shifts and unknown side-effects thereof.
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2.5. Supplementary material
Experimental data included in the evaluation of biomass yield simulations by LPJmL
(Sec. 2.2.2) and a description of model parameter adjustments are attached in Appendix A.
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Figure 2.4.: Schematic angular shifts Θ and difference in vector length d, between a land use scenario and PNV
state vector in two dimensions.
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Figure 2.5.: Absolute differences on cultivated areas (top), together with their aggregation to the respective
angular shifts at grid cell level (bottom) for the cultivated areas of tCDR-t. The bottom diagram
combines angular shifts and differences. Cells with similar angular shifts are aggregated in pie
segments (radial scaling). Pie segments are coloured according to the respective metrical differences
in that segment, with the same colour scaling as in the map. To avoid that results mainly reflect the
cultivation pattern (i.e. that they are implicitly weighted with the cultivated fractions of cells), we
calculated the metric on the actually cultivated areas only.
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Figure 2.6.: Normalised differences of the metric components on the cultivated areas (C pools, NPP, C residence
time and water flux)
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3.1. Main manuscript
With the Paris Agreement 195 nations committed to 'holding the increase in the global
average temperature to well below 2◦C above pre-industrial levels and pursue efforts to
limit the temperature increase to 1.5◦C' (UNFCCC, 2015). It is noted that this requires
'a balance between anthropogenic emissions by sources and removals by sinks of green-
house gases in the second half of the century' (UNFCCC, 2015), implying net zero green-
house gas (GHG) emissions. This either calls for a complete decarbonisation of the en-
ergy sector or a balance between positive and negative emissions (NE) (Rogelj et al., 2015;
Sanderson et al., 2016). In fact, modelled socio-economic pathways compatible with a 2◦C
or 1.5◦C goal depend upon NE via bioenergy with carbon capture and storage (BECCS)
(Fuss et al., 2014; Gasser et al., 2015). However, large-scale deployment of BECCS would
have consequences for global land use (Vuuren et al., 2011) implying significant impacts
on other Earth system components besides atmospheric CO2 concentrations (Heck et al.,
2016b; Vaughan et al., 2011). Here we explore the option space of NE via BECCS and
potential trade-offs with planetary boundaries (PBs) in the context of a 'safe operating
space' for global societal development (Rockstro¨m et al., 2009; Steffen et al., 2015). We
1This manuscript is currently under review at Nature Climate Change for publication as a letter.
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show that while BECCS is intended to lower the pressure on the planetary boundary
(PB) for climate change, large-scale bioenergy production would most likely steer the
Earth system closer to the PB for freshwater use and lead to further transgression of the
PBs for land system change, biosphere integrity and biogeochemical flows.
Negative emissions can fulfil several purposes. In a prospective, 2◦C or 1.5◦C warmer world
with balanced sinks and sources of GHG emissions, they can allow for limited remaining
fossil fuel use and/or compensate remaining agricultural or natural emissions (e.g. forest
fires) or carbon leakages. If a complete decarbonisation of the fossil fuel and agricultural
sectors is achieved, NEs could sequester CO2 to reduce atmospheric CO2 concentrations.
Currently, BECCS is discussed as a promising NE technology (Schleussner et al., 2016). It is
therefore of considerable interest to examine the implications of achieving NE via BECCS
in a holistic framework, such as the framework of a 'safe operating space' (Rockstro¨m et al.,
2009; Steffen et al., 2015) − delineated by nine PBs for human perturbations of the Earth
system.
Here, we quantitatively assess trade-offs between BECCS and the status of five out of nine
PBs for a scenario of 2◦ global warming above preindustrial and an underlying agricultural
land use pattern to be maintained for food production. We consider the two PBs identified as
core PBs, climate change and biosphere integrity, as well as the PBs for land-system change,
biogeochemical flows and freshwater use, which are already transgressed except for the PB
for freshwater use (Steffen et al., 2015). The latter four PBs have sub-global operating scales
which are recognised in the definition of regional boundaries underpinning the global-level
boundaries (Table 3.1, Steffen et al., 2015). To capture the importance of regional change for
the functioning of the Earth System we adopt these regional boundaries as environmental
limits. Each (global and regional) boundary is set at the safe end of a zone of uncertainty.
At the other end of the uncertainty zone a dangerous zone of high risk to change in Earth
System functioning begins (Steffen et al., 2015).
Within this framework we distribute herbaceous or woody biomass plantations (irrigated or
rainfed) around a fixed agricultural land use pattern using a spatially explicit multiobjective
optimisation approach (see Methods). Two alternative optimisation objectives are examined in
this study: i) maximising biomass yields for NE under the constraints of regional boundaries
and their uncertainty zones and ii) achieving prescribed biomass yields for NE while
minimising the impacts on global PBs. We measure the state of the Earth system with
respect to each of the five PBs via global and regional control variables and their uncertainty
range (Table 3.1, see Methods for details). The optimised biomass plantation patterns are
combined with the agricultural baseline and assessed for biogeochemical and PB impacts
with the well-established global biogeochemical and hydrological model LPJmL, driven by
an ensemble of 19 climate scenarios scaled to reach a global warming of 2◦ in in the second
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half of the century (Heinke et al., 2013) and capturing differences in the spatial patterns
produced by 19 GCMs (see Methods). To obtain NE and energy potentials we consider
two alternative biomass conversion pathways. One with a high capture rate (90%) such as
biomass to hydrogen (B2H2) which yields a decarbonised energy carrier with high energy
conversion efficiency (0.55) (Klein et al., 2014b) and one with a lower capture rate (48%) and
conversion efficiency (0.41) such as biomass to liquid fuels (B2L) (Klein et al., 2014b). Input of
fossil fuels for biomass production and transportation is assumed to be 10% of the primary
energy content (Edenhofer et al., 2011; Qin et al., 2006).
In the agricultural baseline scenario − developed as one component of a socio-economic
pathway achieving the 2◦C-goal (namely RCP2.6 without biomass plantations Hurtt et al.
(2011) and Vuuren et al. (2011)) − the global PBs for climate change, biosphere integrity,
land system change and nitrogen flows are transgressed even further than at present for
today's land use pattern (Table 3.1). Thus, in a strict sense, navigation of human development
within the safe operating space is not compatible with this scenario as BECCS would put
additional pressure on the PBs. However, the PB for climate change has been identified as a
core boundary, the substantial and persistent transgression of which would drive the Earth
system out of the Holocene state (Steffen et al., 2015). To prevent an imminent transgression
out of the climate change uncertainty zone might justify the transgression of one or more
other boundaries. Nonetheless, the status of regional boundaries should remain within the
safe zone or at least within the uncertainty zone, because a substantial transgression of
regional boundaries can generate feedbacks to large-scale processes (Steffen et al., 2015).
Therefore, we evaluate biomass-based NE while ensuring adherence to regional safe limits
(i.e., avoiding the uncertainty zone of increasing risk of system change) or to the regional
uncertainty zone (i.e. allowing transgression into the uncertainty zone, but not into the
dangerous zone of high risks). Figure 3.1 shows a large resulting range of NE potentials.
Small opportunities for biomass plantations in regionally safe zones result in a marginal
CCS potential of 0.13 GtC/a with the more efficient conversion to hydrogen or 0.07 GTC/a if
biomass is converted to liquid fuel (Fig. 3.1). Taking into account the related LUC emissions
and input of fossil fuels for production, the resulting actual NE potential is smaller than
0.1 GtC/a (Fig. 3.1), corresponding to approximately 1% of current emissions. Thus, if
regional safe limits are adhered to, NEs can only marginally contribute to balancing remaining
emissions or reducing atmospheric CO2 concentrations.
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Boundary control variable status RCP2.6 in 2050 (without BECCS)
global regional global regional
climate
change
maximal
atmospheric CO2
concentration
(350ppm -
450 ppm)
not defined not known
(442ppm with
BECCS)
not defined
biosphere
integrity
minimum global
biodiversity
intactness index
(BII) (90%- 30%)
minimum BII per
continental biomes
(90% - 30%)
75.6%
(current: 76.8%)
individual continental
biomes: 99 to 29%
land
system
change
maximum forest
cover reduction
(25% - 46%)
maximum forest cover
reduction per
continental biome
(tropical:15%-40%,
temperate: 50% - 70%,
boreal: 15% - 40%)
27%
(current: 26%)
tropical: 26% (5-35%), tem-
perate: 44% (39-61%), bo-
real: 17% (13-30%)
biogeo-
chemical
flows (N)
maximal
intentional
biological N
fixation
(62 TgN/a)
maximal atmospheric
NH3 concentration
(1μg m−3 - 3 μgm−3)
and N concentrations
in surface runoff
(1.0 mg Nl−1 -
2.5 mg Nl−1)
141 TgN/a
(current:
121.5 TgN/a
(Bouwman et al.,
2011))
approx. transgression in
22-7% (NH3 in atmo-
sphere) and 64-48% (N in
runoff) of land use grid-
cells
freshwater
use
maximum blue
water
consumption
(4000 km3 yr−1)
maximum monthly
withdrawal as
percentage of mean
monthly discharge
(low-flow months:
25%-55%;
intermediate-flow
months: 30%-60%;
high-flow months:
55%-85%)
1396km3
(model range:
1379km3-
1422km3)
(cur-
rent: 1192km3)
maximum withdrawal is
exceeded in 24%-21% of
catchments (multi-model
mean)
Table 3.1.: Control variables of the considered planetary boundaries with the proposed uncertainty range
(in brackets) (Steffen et al., 2015) and the status calculate here, considering the agricultural land
use reference (RCP2.6 without bioenergy). Model ranges and means are obtained from LPJmL
simulations of the land use reference driven by an ensemble of 19 climate scenarios with a global
warming of 2◦C (see Methods).
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Figure 3.1.: Emission balance for two biomass conversion pathways with low (B2L) and high (B2H2) efficiency.
Biomass yields are optimised under the constraints of staying within a) regionally safe or b)
regional uncertainty zones. Allowed emissions or actual emissions are derived from CCS potentials,
subtracting emissions associated with LUC, production and transportation of biomass. Error bars
reflect the range of LPJmL simulations driven by an ensemble of 19 climate scenarios with a global
warming of 2◦C (see Methods).
Relaxing the optimisation constraint to allow a transgression of regional safe limits but
staying within the uncertainty zone increases the potential for BECCS significantly. With the
more efficient B2H2 pathway, the CCS potential is 11.9 GtC/a (Fig. 3.1) while producing
269 EJ/a in form of hydrogen. The conversion to liquid fuels halves the CCS potential and
energy yields are reduced by 20% compared to the hydrogen pathway. The actual potential
of NE, however, is smaller than the CCS potential because of substantial LUC emissions
of 3.6 GtC/a (averaged over a 32-year timespan) and emissions associated with biomass
production and transportation (Fig. 3.1). Thus, NEs of 1.4 GtC/a (B2L) up to 6.9 GtC/a
(B2H2) could be achieved when discarding the precautionary principle and exploiting the
full regional uncertainty zone.
If these NEs are completely used for balancing fossil fuel emissions, primary energy of
56 EJ/a to 280 EJ/a from coal could be offset. The wide range of NE potentials reflects major
uncertainties related to the mix of BECCS technologies. Nonetheless, these NE potentials
are rather optimistic because logistic challenges related to possible carbon storage rates or
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the availability of geological storage sites near biomass plantations are not accounted for.
Furthermore, at this point in time only a few BECCS demonstration power plants exist and
even obtaining the lower range NE potential (1.4 GtC/a) would require substantial upscaling
and further development of CCS technologies (Herzog, 2011).
Due to the considerable reduction of CCS potentials by LUC emissions (Fig. 3.1) we further
performed the optimisation with a modified objective of maximising the net flux of biomass
yields minus LUC emissions. Overall, this increases NE potentials slightly (+1% for B2H2
and +35% for B2L) because of avoided LUC emissions (Supplementary Fig. 3.4). Optimised
biomass potentials, however, are smaller than those of biomass yield optimisation neglecting
LUC effects. This reduces CCS rates and energy generation by 9%. These findings highlight
a trade-off between NE and bioenergy production: while NE potentials are higher if LUC
emissions are considered, energy production potentials decrease.
Because of these optimisation constraints (i.e. to stay within regionally safe limits or the
riskier uncertainty zone), biomass plantations are only allocated to regions with little or
no impact by agriculture in the baseline. Even though regional limits are being considered,
allocation of additional biomass plantations adds to the transgression of PBs at the global
scale. Figure 3.2 shows the state of the Earth system with respect to the global PBs for the two
optimisation constraints. It illustrates that in the process of decreasing the pressure on the PB
for climate change with BECCS, additional pressure is exerted onto other globally defined
PBs. With the regional safe constraint, almost no biomass plantations can be implemented.
Thus, the values of the PB control variables are almost the same as in the agricultural baseline
(dashed grey line). Under the constraint allowing for exploitation of regional uncertainty
zones many global PB control variables are severely impacted while the potential for NEs
increases, especially under conversion to hydrogen (B2H2) (Fig. 3.2).
In the scenario considering regional uncertainty rather than safe limits, allocation of biomass
plantation on 709 Mha) increase land use area by 14% compared to the agricultural baseline,
implying deforestation of 568 Mha (+ 9% forest loss). This adds significant pressure on
biodiversity (+ 6% loss of biodiversity intactness, see Methods). The biomass potential
largely stems from herbaceous biomass with relatively low nitrogen requirements (Roncucci
et al., 2015). Nonetheless, fertiliser requirements further alter global biogeochemical flows
(+ 65 TgN/a fertilisation). Most of the optimised biomass plantations are irrigated because
water availability in productive regions without large agricultural water appropriation is
generally high. Consequently, water consumption by biomass plantations more than doubles
irrigation water consumption (+ 1167 km3). Such massive irrigation of biomass plantations
benefits plant productivity (on average 26 tDM/ha) and thus reduces land requirements and
impacts on biodiversity.
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Figure 3.2.: Status of PB control variables when optimised biomass plantations are combined with the RCP2.6
agricultural baseline (without bioenergy). NE potentials are depicted for the biomass conversion to
hydrogen (B2H2) and conversion to liquid (B2L). Error bars reflect the range of LPJmL simulations
driven by an ensemble of 19 climate scenarios with a global warming of 2◦C (see Methods). Green
and yellow planes indicate the global safe and uncertainty zones (Steffen et al., 2015).
We assess the trade-off between freshwater use and biodiversity conservation in more
detail (Fig. 3.3). We adopt the second optimisation objective prescribing biomass yields
while minimising the impacts on different global PBs independent of regional constraints.
Unsurprisingly, the higher the targeted biomass yields, the higher the transgression of global
PBs. While the alteration of biogeochemical flows always increases with biomass yields
because of fertilisation requirements, the added pressure on the other PBs depends on the
conservation objectives that are given priority.
Under the objective of minimising the impact on biosphere integrity (Fig. 3.3a), biomass
plantations are mostly allocated on grasslands or savannahs with relatively low species
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richness. High biomass targets (up to 20 GtC/a) can be met without adding a lot of pressure
on the global PBs for biosphere integrity and land system change when regional limits are
not considered. This is, however, only possible when land use efficiency is increased by
substantial irrigation of biomass plantations. Overall, global water consumption reaches
levels that transgress the PB for freshwater use for biomass yields larger than 5 GtC/a and
exit the global uncertainty zone for biomass yields larger than 10 GtC/a (Fig. 3.3a).
The guiding objective of freshwater saving (Fig. 3.3b) implies significant water saving
potentials for the same biomass yields (2100 km3 - 6600 km3 for 5 GtC/a - 20 GtC/a,
respectively). To achieve this, biomass plantations are allocated in productive regions with
high water availability. This implies, however, high deforestation rates – especially in the
tropics – causing a larger pressure on the PBs for biosphere integrity and land system change
(Fig. 3.3b). Furthermore, land use change emissions from deforestation result in overall
smaller NE potentials from the same biomass yields.
Figure 3.3.: The effect of conservation objectives for different biomass targets: a) prioritisation of biodiversity
conservation and b) prioritisation of freshwater conservation. Negative emission potentials are
depicted for the biomass conversion pathway to hydrogen (B2H2). Maps show the regional status
of the control variable for land system change for biomass yields of 15 GtC/a.
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The biogeochemical simulation results in this study provide an alternative viewpoint to
economic optimisation studies identifying BECCS as an economically feasible technology
for achieving negative emissions (Klein et al., 2014b; Vuuren et al., 2011). In particular, we
have shown clear trade-offs between PBs and negative emissions. Respecting environmental
constraints according to the PB framework yields almost zero potential for NE with BECCS.
Thus, an adoption of the PBs as precautionary policy goals would have strong implications for
mitigation requirements compatible with the 2◦ goal. Only the exploitation of the biosphere
into a zone of increasing risk of triggering feedbacks at the planetary scale can provide
considerable NE potentials. However, these strongly depend on the efficiency of biomass
utilisation and are subject to large uncertainties regarding the potential scale, economic
feasibility, as well as public and legal acceptance of CCS (Herzog, 2011; Watson et al., 2014).
Overall, even the most optimistic biomass conversion and CCS efficiencies would by far not
be sufficient to balance fossil emissions without substantial mitigation leading to far-reaching
decarbonisation.
3.2. Methods
We use the process-based dynamic global vegetation model LPJmL, with representations
of natural ecosystems and managed croplands including biomass plantations to simulate
key ecosystem processes and coupled carbon and hydrological cycles (Gerten et al., 2004;
Rost et al., 2008b). LPJmL has been extensively validated for carbon cycles (Sitch et al.,
2003), agricultural crop and biomass production (Bondeau et al., 2007; Fader et al., 2010;
Heck et al., 2016b), water flows and irrigation requirements (Gerten et al., 2004; Rost et al.,
2008b). It is driven here by an ensemble of 19 temperature-stratified climate scenarios with a
global warming of 2K during the 30 year mean around 2100 (Heinke et al., 2013) to simulate
carbon and water fluxes and pools from 2050 to 2082 on a spatial resolution of 0.5◦. For the
generation of optimisation inputs one medium range climate model (MPI-ESM) is used to
simulate changes in soil and vegetation carbon pools related to biomass plantations and
deforestation, potential irrigated and rainfed biomass yields, potential water consumption
of irrigated biomass plantations and regional water availability. In case of deforestation for
biomass plantations, the natural vegetation replaced is treated as a one-time biomass harvest.
Optimisation outputs are evaluated by LPJmL for all 19 climate scenarios for the same time
frame.
We developed an optimisation model (based on the R-package lpSolveAPI for linear opti-
misation (Konis, 2016)) that distributes herbaceous or woody biomass plantations (irrigated
or rainfed) on a 0.5◦ grid around a baseline agricultural land use pattern, considering two
alternative optimisation objectives:
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1) maximisation of global biomass yield (Y) given fixed regional boundary constraints (CregPB )
of biosphere integrity (B), land system change (L), nitrogen flows (N) and freshwater use
(W):
max
f j∈CregPB
(
n
∑
j=1
∑
p
f pj y
p
j
)
, (3.1)
with f pj : cell fractions and y
p
j : yield of biomass plantations p ∈ {herbaceous irrigated,
herbaceous rainfed, woody irrigated, woody rainfed } in gridcells j = 1...n. Biomass fractions
are subject to regional constraints {CregB ,CregL ,CregN ,CregW }.
2) minimisation of impacts I on B, L, N, W for varied weights (wPB) given fixed biomass
yield constraints (CY):
min
f j∈CY
(
n
∑
j=1
wBIBj + wLI
L
j + wNI
N
j + wWI
W
j
)
, (3.2)
with CY = ∑nj=1∑p f
p
j y
p
j ∈ {5, 10, 15, 20} GtC/a.
The agricultural baseline consists of crop and pasture areas of the harmonised global gridded
land-use change scenario of the RCP2.6 scenario framework (Hurtt et al., 2011) for the year
2050. The crop land cover (excluding bioenergy plantations) was translated to match LPJmL's
crop types (Boit et al., 2016). A scenario for nitrogen fixation is based on the baseline scenario
(McIntyre et al., 2009) in the nutrient budget model provided by Bouwman et al. (2011). We
use the land use distribution of the RCP2.6 land use scenario and adapt crop production
data from LPJmL to obtain the nitrogen budget on a 0.5◦ resolution. Global sums of nitrogen
fertiliser and nitrogen fixation by legumes are 100.3 TgN/a and 40.7 TgN/a, respectively.
Spatially explicit agricultural water consumption (981 km3/a) is simulated by LPJmL, and
non-irrigation human water consumption under the SSP2 scenario (415 km3 in 2050) was
provided by the WaterGAP model (Flo¨rke et al., 2013).
Optimisation constraints and inputs Under the regional boundary constraints (CregPB ,
Eq. 3.1) land use expansion for bioenergy is allowed where regional boundaries are not
transgressed in the agricultural baseline and until they are reached. Global control variables
are used to assess the status of PBs for each optimisation scenario.
The status of land system change is derived from the potential forest cover simulated by
LPJmL for historic climate data (CRU TS version3.1, Harris et al., 2014). Regional constraints
are on the scale of biomes (tropical, temperate and boreal) of each continent (Table 3.1).
The global biogeochemical flows PB is approached via intended nitrogen fixation. As regional
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constraints we derive grid-cell specific thresholds for nitrogen fixation (limiting N runoff to
surface waters and NH3 air concentrations, Table 3.1) based on the approach used to assess
the global PB for nitrogen flows (Vries et al., 2013) (see Supplementary for details). Nitrogen
fertiliser requirements for biomass plantations are derived from biomass harvest under the
assumption that extracted nitrogen (0.15% N in dry matter for herbaceous biomass (Roncucci
et al., 2015) and 0.5% N in dry matter for woody biomass (Kauter et al., 2001)) is replenished
with an efficiency of 50% (Lassaletta et al., 2014).
Several interim control variables have been proposed for the PB for biosphere integrity (Stef-
fen et al., 2015). Acknowledging large associated uncertainties, we calculate a measure similar
to one of the proposed control variables, the biodiversity intactness index (BII) (Scholes et al.,
2005; Steffen et al., 2015):
BII =
∑
s
∑
l
ERsAl Is,l
∑
s
∑
l
ERsAl
, (3.3)
for species groups s ∈{amphibians, birds, mammals, vascular plants} and land cover
l ∈{natural, cultivated, plantation}, with ERs = endemism richness of species s, Al=land
area of land cover l and Is,l = intactness of species s with land cover l (see Supplementary for
details). This BII is calculated globally and for 71 continental biomes.
The status of global freshwater use is the sum of baseline water consumption and irrigation
water consumption of biomass plantations simulated by LPJmL. Regional boundary con-
straints limit blue water withdrawals on the scale of both, river basins and grid-cells (Table
3.1). Irrigation water availability for biomass plantations is determined at grid cell level as the
mean (over the biomass irrigation period) of monthly water availability from LPJmL minus
baseline withdrawals (and environmental requirements, depending on the constraints).
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3.3. Supplementary material
3.3.1. Supplementary results
Figure 3.4.: Emission balance for two biomass conversion pathways (B2L and B2H2) under the objective of
carbon balance optimisation. Net carbon fluxes are optimised under the constraints of staying
within regionally safe (a) or uncertainty (b) zones. Error bars reflect the range of 19 GCMs.
Supplementary optimisation with a modified objective to maximise the net carbon flux
instead of biomass yields (as shown in Fig. 3.1 Under this optimisation objective, land use
change emissions are avoided, which in turn results in smaller biomass yield (and bioenergy)
potentials. this leads to a net increase negative emission potentials, compared to the optimi-
sation of biomass yields. However, bioenergy potentials are reduced.
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Figure 3.5.: The effect of different conservation objectives for different biomass demands. Negative emission
potentials are depicted for the biomass conversion pathway to hydrogen (B2H2).
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Figure 3.5 shows results of the second optimisation objective to minimise the impacts
on global planetary boundaries for fixed biomass yield constraints. Results are depicted
for varying the weights on each global boundary (ref. to Methods and Fig. 3.1). Equal
weights on all PBs (a) result in little pressure o biodiversity and land system change,
whereas freshwater and fertiliser are increasingly used. This is because, biodiversity and
land conservation are complementary in most regions and thus outweigh conservation of
water and biogeochemical flows. Similar results are obtained for land prioritisation (b, with
weights 1 except weight 9 on land) with somewhat higher fertiliser requirement and pressure
on biodiversity. Even under the prioritisation of reducing nitrogen fertiliser (c, with weights
1 except weight 9 on fertilisation), biogeochemical flows are altered substantially. This is
because our optimisation assumes fertiliser requirements linear to biomass harvest, which is
prescribed in this optimisation. Subplots d) to g) of Figure 3.5 show optimisation results for
all weights set to 9, except the waived constraint, which is set to 1. Again, results are similar
because biodiversity and land are complementary. Only waiving global land system change
from the optimisation objective, reduces irrigation water. This again highlights the trade-off
between water and land conservation.
3.3.2. Supplementary methods
Details on the LPJmL modelling procedure to generate optimisation inputs
LPJmL was used to determine the potential changes in carbon pools and fluxes under
conversion to biomass plantations, as well as potential irrigation water requirements and
availability. All simulations were preceded by a 5000-year spin-up with natural vegetation,
bringing soil carbon pools and vegetation distribution into equilibrium. A subsequent second
spin-up period of 390 years introduces historical agriculture with annual cropland extent
and crop type distribution per 0.5◦ grid cell after Hurtt et al. (2011) (land cover classes
were translated to match LPJmL's crop functional types, see Boit et al. (2016) for details)
and irrigated fraction per crop type after Ja¨germeyr et al. (2015) from 1700-1900, allowing
for a historical adjustment of carbon pools. During the spin-ups, the climate (historical
climate data from CRU TS3.10 (Harris et al., 2014) of the years 1901-1930 was repeated. A
third simulation from 1901-2050 serves as spin-up for the actual simulations. This uses the
agricultural land use change scenario of the RCP2.6 (Hurtt et al., 2011) without biomass
plantations and a temperature-stratified climate scenario with a global warming of 2K during
the 30yr mean around 2100, reproducing the median response of the CMIP3 MPI-ESM
(Heinke et al., 2013).
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Table 3.2 summarises LPJmL simulations and their purpose for the optimisation. Biomass
plantations are cultivated in regions where climate conditions allow biomass harvests higher
than 5 tDM/ha/a (Hastings et al., 2009).
Simulation Land use Period Purpose
1 PNV 1901-2100 i) potential historical biomes, ii) potential water
availability without land use
2 constant agr. land
use of 2050
2050-2082 i) carbon pools of natural vegetation, ii) agri-
cultural water use, iii) water availability after
anthropogenic water use (without biomass plan-
tations)
3 rainfed herbaceous
biomass around agr.
land use of 2050
2050-2082 i) potential changes in carbon pools by biomass
plantation, ii) potential biomass harvest
4 rainfed woody
biomass around agr.
land use of 2050
2050-2082 as above
5 irrigated
herbaceous biomass
around agr. land
use of 2050
2050-2082 i) potential changes in carbon pools by biomass
plantation, ii) potential biomass harvest, iii) po-
tential irrigation water requirements and blue
water consumption
6 irrigated woody
biomass around agr.
land use of 2050
2050-2082 as above
Table 3.2.: LPJmL simulation protocol for the generation of optimisation inputs.
Details on the calculation of selected planetary boundary constraints
Biogeochemical flows The status of the global biogeochemical flows PB is approached
via the intended nitrogen fixation (chemical N fixation in fertilisers and anthropogenically
induced biological N fixation by legumes (Vries et al., 2013). The scenario for nitrogen
fixation in the RCP2.6 baseline is based on the International Assessment of Agricultural
Knowledge, Science, and Technology for Development (IAASTD) baseline scenario (McIntyre
et al., 2009).
On the regional scale we considered the control variables used to assess the global PB for
nitrogen flows (Vries et al., 2013): atmospheric NH3 concentrations with critical limits of
[N]crit = 1μg m−3 to 3 μgm−3 and N concentrations in surface runoff with proposed critical
limits of [N]crit =1.0 mg Nl−1 to 2.5 mg Nl−1 (Vries et al., 2013). As proposed by Vries et al.
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(2013) we calculate critical global losses of a given N compound to either air or water by
Nlosses;crit = Nlosses;present RINcompound, (3.4)
with the risk indicator RI = [N]crit/[N]present and [N]present being the present concentration
of the respective control variable. In contrast to Vries et al. (2013) we do not limit RI to values
smaller or equal to 1, as this would strictly forbid additional or initial fertilisation in areas
that are not close to the regional thresholds, thus forbidding fertilisation on all primary and
unfertilised land. Based on the respective range of critical limits, we obtain a range of global
RI of 1.79 - 5.36 for atmospheric NH3 concentrations and 0.61 - 1.53 for N in surface runoff
using global average values of NH3−present= 0.56μg m−3 and Nrunoff−present = 1.63 mg Nl
−1
(Vries et al., 2013). Assuming that the ratio between N fixation and polluting compounds
does not change (Vries et al., 2013), we multiply the respective RI by the agricultural nitrogen
fixation of 121.5 Tg N in the year 2000 (Bouwman et al., 2011). To derive grid cell specific
thresholds for nitrogen fixation limiting NH3 concentrations we divide the global critical
value by the global land area. The grid cell threshold for limiting N runoff to surface
waters is calculated by dividing the global critical value by surface runoff in the agricultural
baseline scenario. Under the regional optimisation constraints CregN , biomass plantations can
be allocated until the the combined nitrogen fixation by agriculture and biomass plantations
the reaches one of the regional thresholds.
Biosphere integrity The biosphere intactness index (BII) (Scholes et al., 2005) is one of
several interim control variables that have been proposed for the PB for biosphere integrity
(Steffen et al., 2015). Acknowledging large uncertainties associated with the status of this PB,
we calculate a measure similar the proposed BII:
BII =
∑
s
∑
l
ERsAl Is,l
∑
s
∑
l
ERsAl
, (3.5)
for species groups s ∈{amphibians, birds, mammals, vascular plants} and land cover
l ∈{natural, cultivated, plantation}, with ERs = endemism richness of species s, Al= land
area of land cover l and Is,l = intactness of species s with land cover l. Endemic richness
instead of proposed species richness is used to incorporate individual regional contribution to
genetic diversity, which is the motivation for the second interim control variable (Steffen et al.,
2015). Endemic richness data of terrestrial vertebrates were available on a 1◦ resolution and
vascular plants for 90 terrestrial biogeographic regions (Kier et al., 2009). Due to the lack of
global impact data, we adopted expert impact estimates of South Africa (Scholes et al., 2005)
for a rough first estimate of species intactness on cultivated land or plantations. This implies
that the absolute BII-values on the global or regional scale are highly uncertain. However,
regional differences are respected in the spatial allocation of biomass plantations because the
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intactness estimates serve only as a factor to heterogeneously distributed endemic richness.
The BII is calculated for the whole globe (global PB) and for 71 continental biomes. For the
regional optimisation constraint (CregB ) biomass plants can be cultivated in the respective
biome if the BII is higher than 90% (safe limit) or 30% (uncertainty limit).
Freshwater use The PB for freshwater use has two different control variables for the global
and regional scale (blue water consumption and environmental water flows, respectively.
The basin-scale environmental water flows boundary limits blue water withdrawal along
rivers to percentages of the mean monthly flow. It is calculated with the Variable Monthly
Flow (VMF) method (Pastor et al., 2014) accounting for intra-annual variability in terms of
high-, intermediate- and low-flow months (ref. to Table 3.1).
In the optimisation water availability for irrigation is always limited at the grid-cell level
and at the level of water basins. Without the regional boundary constraints, irrigation of
biomass plantations is possible to the extent of mean available water over the irrigation
period after subtracting agricultural withdrawals and withdrawals for households, industry
and livestock from the monthly water availability. Because upstream-downstream effects of
water withdrawals are not considered in the linear optimisation program, water availability
is additionally limited at the basin level with an additional constraint that water withdrawals
in each basin may not exceed the basin discharge. This assumes that water can be transported
within a basin, but neglects irrigation water from groundwater.
Under the regional boundary constraint on freshwater use (CregW ), the available water for
irrigation of biomass plantations in each water basin is calculated as the mean available water
over the irrigation period after subtracting monthly environmental water flows, agricultural
withdrawals and withdrawals for households, industry and livestock from the monthly water
availability. The same calculation is applied at the grid-cell level to limit water withdrawals
and sustain environmental water flows at the cell-level.
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Abstract
The planetary boundaries framework provides guidelines for defining thresholds in environ-
mental variables. Their transgression is likely to result in a shift in Earth system functioning
away from the relatively stable Holocene state. As the climate system is approaching critical
thresholds of atmospheric carbon, several climate engineering methods are discussed, aiming
at a reduction of atmospheric carbon concentrations to control the Earth's energy balance.
Terrestrial carbon dioxide removal (tCDR) via afforestation or bioenergy production with
carbon capture and storage are part of most climate change mitigation scenarios that limit
global warming to less than 2◦C.
We analyse the co-evolutionary interaction of societal interventions via tCDR and the natural
dynamics of the Earth's carbon cycle. Applying a conceptual modelling framework, we
1An edited version of this chapter has been accepted for publication in Earth System Dynamics (Sept. 2016)
and is published as a discussion paper: V. Heck et al. (2016a). “Collateral transgression of planetary boundaries
due to climate engineering by terrestrial carbon dioxide removal”. In: Earth System Dynamics Discussions,
pp. 1–24. doi: 10.5194/esd-2016-22
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analyse how the degree of anticipation of the climate problem and the intensity of tCDR
efforts with the aim of staying within a 'safe' level of global warming might influence the
state of the Earth system with respect to other carbon-related planetary boundaries.
Within the scope of our approach, we show that societal management of atmospheric carbon
via tCDR can lead to a collateral transgression of the planetary boundary of land system
change. Our analysis indicates that the opportunities to remain in a desirable region within
carbon-related planetary boundaries only exist for a small range of anticipation levels and
depend critically on the underlying emission pathway. While tCDR has the potential to ensure
the Earth system's persistence within a carbon safe operating space under low emission
pathways, it is unlikely to succeed in a business-as-usual scenario.
4.1. Introduction
Rockstro¨m et al. (2009) introduced the concept of a safe operating space (SOS) for humanity,
delineated by nine global planetary boundaries, some of which take into account the existence
of tipping points or nonlinear thresholds in the Earth system (Kriegler et al., 2009; Lenton et
al., 2008; Schellnhuber, 2009) and may frame sustainable development. Particularly, the state
of the Earth system with respect to climate change has received strong political attention,
as atmospheric carbon concentrations have already entered the uncertainty zone of the
planetary boundary of climate change, set at an atmospheric CO2 concentration of 350 ppmv
to 450 ppmv (Steffen et al., 2015).
The Paris climate agreement (UNFCCC, 2015) aims at limiting global temperature increase
to well below 2◦C above pre-industrial levels, while currently greenhouse gas emissions
are still growing. Fuss et al. (2014) have highlighted that more than 85% of IPCC scenarios
that are consistent with the 2◦ goal require net negative emissions before 2100. Particularly,
terrestrial carbon dioxide removal (tCDR) via afforestation or large-scale cultivation of
biomass plantations for the purpose of bioenergy production has been included in recent
IPCC scenarios (Kirtman et al., 2013; Vuuren et al., 2011). Furthermore, tCDR has been
proposed as a climate engineering (CE) method that could be applied in case global efforts in
mitigating anthropogenic greenhouse gas emissions fail to prevent dangerous climate change
(Caldeira et al., 2010).
In the context of the SOS framework, tCDR via large-scale biomass plantations could on
the one hand extract carbon from the atmosphere via the natural process of photosynthesis
(Shepherd et al., 2009). If the carbon accumulated in biomass is harvested and stored in
deep reservoirs or used for bioenergy production in combination with carbon capture
and storage (Caldeira et al., 2013), further transgression of the climate change boundary
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and initial transgression of the ocean acidification boundary could be prevented. On the
other hand, tCDR is likely to have unintended impacts on other Earth system components
besides atmospheric carbon concentrations that is mediated by the global cycles of carbon,
water and other biogeochemical compounds (Vaughan et al., 2011). For example, large-scale
biomass plantations would require substantial amounts of fertiliser, irrigation water and
land area, driving the Earth system closer to the planetary boundaries for biogeochemical
flows, freshwater use and land system change, respectively (Heck et al., 2016b). TCDR in
the form of afforestation would not be accompanied by most of these negative trade-offs.
However, afforestation only has a limited potential to increase the terrestrial carbon storage
while all emitted fossil carbon remains a part of the active carbon cycle. Thus, the potentials
of tCDR via afforestation are small and afforestation is not included as a tCDR method in
this study.
Social and political actions are important drivers of tCDR. The willingness to engage in CE
or mitigation is based on monitoring of the climate system and can be expected to increase as
the climate system approaches the normatively assigned climate change boundary. A holistic
assessment and systemic understanding of CE therefore requires an analysis of the social
and ecological co-evolutionary system.
A dynamic integration of complex interactions between the social and ecological components
of the Earth system to simulate in detail the co-evolution of societies and the environment
is currently unfeasible due to fundamental conceptual problems and high computational
demands on both modelling sides (Vuuren et al., 2016; Vuuren et al., 2012). An emerging
field of low-complexity models explores new pathways for understanding social-ecological
Earth system dynamics (e.g. Anderies et al., 2013; Brander et al., 1998; Jarvis et al., 2012;
Kellie-Smith et al., 2011; Motesharrei et al., 2014). For example, first simulation approaches
have been reported using such conceptual models to simulate the interaction between human
climate monitoring and societal action in the form of transitions to renewable energy (Jarvis
et al., 2012) or climate engineering (MacMartin et al., 2013) While not aiming for realism
in their quantitative evaluations, the low complexity of such conceptual models allows to
understand the structure and effects of dominating feedbacks and their leading interactions,
which are otherwise often hidden in the complexity of state-of-the-art full complexity Earth
system models.
In this paper, we provide a conceptual but systematic analysis of the nonlinear system
response to using tCDR for steering the Earth system within the SOS defined by planetary
boundaries as quantified by Rockstro¨m et al. (2009) and Steffen et al. (2015). Specifically, we
analyse how the trade-offs between tCDR and other planetary boundaries depend on the
achievable rate and threshold of tCDR implementation; and whether particular combinations
of climate and management parametrisations can safeguard a persistence within the SOS. As
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a starting point, we focus on a subset of the nine proposed planetary boundaries that are
most important in the context of tCDR. These are the carbon-related boundaries on climate
change, ocean acidification and land-system change.
We utilise a conceptual model of the carbon cycle and expand it to explore feedbacks within
and between societal and ecological spheres, while being sufficiently simple to permit an
analysis of its state and parameter spaces in the form of constrained stability analysis similar
to Kan et al. (2016). We do not aim to provide a quantitative assessment because in this
exploratory study we choose to use a computationally efficient conceptual model to shed
light onto the qualitative structure of co-evolutionary dynamics. The approach proposed here
can be transferred to models of higher complexity to the extent that this is computationally
feasible.
This paper is structured as follows: following the introduction (Sec. 4.1) we present a co-
evolutionary model of societal monitoring and tCDR intervention in the Earth's carbon cycle
and related parameter calibration procedures (Sec. 4.2). Subsequently, we present and discuss
our results (Sec. 4.3) and finish with conclusions (Sec. 4.4).
4.2. Methods
In social-ecological systems modelling, societal influences and ecological responses are
recognised as equally important (Berkes et al., 2000). Therefore, it can be considered essential
that representations of social and ecological systems are of the same order of complexity.
Increasing complexity of only one model component would not increase the accuracy of
information generated by the full coupled model, but would greatly increase computational
demand. In view of our objective, we require a sufficiently simple model that conceptually
captures the most important processes of global carbon dynamics with respect to planetary
boundaries, as well as a stylised societal management feedback loop consisting of tCDR
interventions and monitoring of the climate system.
4.2.1. Co-evolutionary model of societal monitoring and tCDR intervention in
the carbon cycle
The basis of our co-evolutionary model is the conceptual carbon cycle model by Anderies
et al. (2013). The model covers the most basic interactions between terrestrial, atmospheric,
and marine carbon pools and was developed specifically to enable a bifurcation analysis of
carbon-related planetary boundaries and their interactions. We modified atmosphere-land
interactions for a better representation of empirically observed Earth system carbon dynamics
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and extended the model by a stylised societal management feedback loop mimicking the
current focus of international policy processes on climate change. We calibrated the model
in order to represent global carbon cycle dynamics consistent with observational data and
simulations from detailed high-resolution Earth system models (Sec. 4.2.2). In the following,
we provide an overview of the fundamental model equations. A detailed motivation of the
model design and underlying assumptions is given in Anderies et al. (2013).
The adapted model consists of five interacting carbon pools: land Ct(t), atmosphere Ca(t),
upper ocean Cm(t), geologic fossil reservoirs Cf (t) and a potential CE carbon sink CCE(t)
(Fig. 4.1). All model equations are summarised in Table 4.1. Note that only the upper ocean
carbon pool is included because the movement of carbon into the deep ocean occurs on
longer timescales relative to those of interest, as discussed by (Anderies et al., 2013). The
land carbon pool combines soil and vegetation carbon pools, implying a simple proportional
partitioning of aboveground and belowground carbon pools (Anderies et al., 2013). These
simplifications have been adopted because they reduce the number of state variables and we
were able to qualitatively reproduce the dynamics of observed carbon pool evolution with
the adapted model.
Process Equation
conservation of mass Ct(t) + Ca(t) + Cm(t) = C0 + Cr(t)− CCE(t) (4.1)
fossil carbon release C˙r(t) = riCr(t)(1− Cr(t)cmax ) (4.2)
CE carbon storage C˙CE(t) = HCE(Ct(t),Ca(t)) (4.3)
ocean-atmosphere diffusion C˙m(t) = am(Ca(t)− βCm(t)) (4.4)
terrestrial carbon flux C˙t(t) = NEP(Ca(t),Ct(t))− H(Ct(t))− HCE(Ct(t),Ca(t)) (4.5)
net ecosystem productivity NEP(Ca(t),Ct(t), T(t)) =
rtc [P(T(t))− R(T(t))]Ct(t)
[
1− Ct(t)K(Ca(t))
] (4.6)
terrestrial carbon carrying capacity K(Ca(t)) = ake−bkCa(t) + ck (4.7)
photosynthesis P(T(t)) = apT(t)bp e−cpT(t) (4.8)
respiration R(T(t)) = arT(t)br e−crT(t) (4.9)
temperature T(Ca(t)) = aTCa(t) + bT (4.10)
tCDR offtake flux HCE(Ct(t),Ca(t)) = αCE(Ca(t)) Ct(t) (4.11)
societal tCDR offtake rate αCE(Ca(t)) = αmax
(
1+ exp(−sCE (Ca(t)− C˜a)
)−1 (4.12)
other human biomass offtake flux H(Ct(t)) = αCt(t) (4.13)
Table 4.1.: Summary of equations describing the co-evolutionary model of societal monitoring and tCDR
intervention in the carbon cycle building upon Anderies et al. (2013).
The co-evolutionary dynamics of the system is determined by Equations (4.1)–(4.5). Conser-
vation of mass (Eq. 4.1) dictates that the active carbon in the system, i.e. the sum of terrestrial,
atmospheric and maritime carbon, is equal to the active carbon at preindustrial times (C0)
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economic implementation capacities. Figure 4.2 depicts an exemplary tCDR trajectory for
constant terrestrial carbon in Eq. 4.11 for two values of sCE. The implementation time can
be computed from the slope of tCDR-implementation by using current increase rates of
atmospheric carbon as a conversion factor. With current increase rates of approximately 2
ppmv a−1 (Tans et al., 2015), the two depicted values of sCE correspond to tCDR ramp-up
times of approximately 20 years and 40 years (from 10% to 90% capacity) for sCE =0.1 ppmv−1
(solid) and sCE = 0.05 ppmv−1 (dashed), respectively.
Figure 4.2.: Sigmoidal dependence of the tCDR-flux on atmospheric carbon concentrations for two values of
the tCDR implementation capacity parameter (slope): sCE = 0.1 ppmv−1 (solid line) and sCE = 0.05
ppmv−1 (dashed line). The threshold parameter (C˜a) is set at 400 ppmv atmospheric carbon
concentration and the potentially achievable tCDR-flux is parametrised with αmax = 20 GtC a−1.
The atmosphere and ocean carbon feedback (Eq. 4.4) is governed by diffusion, which in the
model is assumed to depend on the difference between atmospheric and maritime carbon
pools.
Land-atmosphere interaction is determined by both ecological and social processes: the
net ecosystem productivity (Eq. 4.6), tCDR offtake (Eq. 4.11) and other human offtake for
agriculture and other land use (Eq. 4.13), respectively.
Net ecosystem productivity is given by the net carbon flux of photosynthesis (Eq. 4.8) and
respiration (Eq. 4.9), multiplied with the terrestrial carbon pool and a logistic dampening
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function which represents competition for space, sunlight, water or nutrients. Both photosyn-
thesis and respiration are continuous functions of global land temperature (T(t), Eq. 4.10),
which in turn depends linearly on atmospheric carbon content. It is important to note that in
our model respiration exceeds photosynthesis for higher temperatures (Fig. 4.3). The state of
equilibrium of the terrestrial carbon pool is thus determined by the land surface temperature,
as well as the terrestrial carbon carrying capacity (Eq. 4.7) in the density function. In contrast
to Anderies et al. (2013), we implement a dynamic terrestrial carbon carrying capacity as
a function of atmospheric carbon content. This is motivated by a number of factors such
as CO2 fertilisation and a higher water use efficiency under higher atmospheric carbon
concentrations, as well as higher average vegetation density in a warmer world (e.g. Drake
et al., 1997; Keenan et al., 2013). For low atmospheric carbon we assume a rapid increase of
terrestrial carbon storage capacity as a function of atmospheric carbon concentration and
a saturation of storage capacity for high atmospheric carbon, in line with assessments of
coupled carbon-cycle climate models (Heimann et al., 2008). The functional relationship in
(Eq. 4.7) follows these constraints for chosen parameter values (Sec. 4.2.2).
Figure 4.3.: Modelled photosynthesis and respiration rates as a function of global mean land surface
temperature.
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4.2.2. Calibration of model parameters
A sufficiently suitable application of a conceptual model in the context of the planetary
boundaries as in Steffen et al., 2015 requires the model's ability to simulate credible transients
of global carbon dynamics. In order to achieve this, we calibrated model parameters to
observed carbon fluxes and pools, as well as simulation results of detailed high-resolution
Earth system models.
Because we simulate relative dynamics between the different carbon compartments and
do not aim at prognostics of actual time evolution of carbon pools, all carbon fluxes and
pools are normalised to the the active carbon at preindustrial times, i.e. the total sum of
preindustrial carbon in the year 1750 AD (3989 GtC, Fig. 4.1). All normalised parameter
values are summarised in Table 4.2.
Parameter Symbol Value Unit
ecosystem-dependent conversion factor rtc 2.5 a−1
scaling factor for photosynthesis P(T) ap 0.48 (20K)−bp
scaling factor for respiration R(T) ar 0.40 (20K)−br
power law exponent for increase in P(T) for low T bp 0.5 1
power law exponent for increase in R(T) for low T br 0.5 1
rate of exp. decrease in P(T) for high T cp 0.556 (20K)−1
rate of exp. decrease in R(T) for high T cr 0.833 (20K)−1
scaling factor for terrestrial carbon carrying capacity ak -0.6 1
rate of exp. increase for terrestrial carbon carrying capacity bk 13.0 1
offset for terrestrial carbon carrying capacity ck 0.75 1
human terrestrial carbon offtake rate α 0.0004 a−1
slope of T – Ca relationship aT 1.06 20K
intercept of T – Ca relationship bT 0.227 20K
carbon solubility in sea water factor β 0.654 1
atmosphere ocean diffusion coefficient am 0.0166 20K
(*) atmospheric carbon threshold of tCDR implementation C˜a 0 – 0.3 1
rapidity of tCDR ramp-up (tCDR implementation capacity) sCE 200 1
(*) maximum tCDR rate αmax 0 – 0.03 a−1
(*) size of geological fossil carbon stock cmax 0 – 0.51 1
industrialisation rate ri 0.03 a−1
climate change boundary ba 0.21 1
land system change boundary bl 0.59 1
ocean acidification boundary bm 0.31 1
Table 4.2.: Calibrated model parameters. After normalisation to preindustrial carbon pools, remaining units
are years (a) and temperature (20K). Parameters marked with an asterisk (*) are varied during the
analysis and the parameter range is stated.
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Temperature
For the calibration of the linear relationship between temperature and atmospheric carbon
content (Eq. 4.10) we used the transient response to cumulative CO2 emissions (TCRE) with a
reported global mean surface temperature increase per emitted carbon of 2K/1000GtC (Gillett
et al., 2013; Joos et al., 2013). Assuming an airborne fraction of 0.5 (Gloor et al., 2010; Knorr,
2009), the global mean temperature increase rate per atmospheric carbon increase (Eq. 4.10) is
approximately twice the temperature increase rate of emitted carbon (TRCE), i.e. 2K/500GtC
in the atmosphere. From this global surface temperature increase rate (2/3 ocean and 1/3 land
surface), the global land surface temperature increase can be inferred via the global land/sea
warming ratio of approximately 1.6 (Sutton et al., 2007). Thus, we approximate a global land
surface warming rate of 5.3K/1000GtC remaining in the atmosphere. The y-offset (bT in
Eq. 4.10) was inferred via global land surface temperature anomalies from 1880–2000 (Jones
et al., 2012), a global average (1880–2000) land temperature of 8.5 ◦C (NOAA, 2015b) and
observed monthly mean CO2 concentrations (Mauna Loa, 1959–2000, Tans et al., 2015).
Ocean-atmosphere dynamics
The carbon solubility in sea water factor (β) is directly determined by the assumption of
pre-industrial equilibrium between upper-ocean and atmospheric carbon (C˙m(0) = 0). From
this and a present carbon flux from the atmosphere to the ocean of C˙m(ttod) = 2.3 GtC a−1
(Ciais et al., 2013) follows the atmosphere-ocean diffusion coefficient am.
Terrestrial dynamics
Photosynthesis and respiration are calibrated according to temperature relationships reported
in the literature. However, literature generally specifies temperature relationships at small
temporal and spatial scales in controlled environments, whereas our model equations refer
to a global average of day and night-time temperature. Thus, only a rough estimation of
the relationship between temperature and photosynthesis/respiration for model calibration
is possible. As in Anderies et al. (2013), we assume a maximum of respiration at a global
land surface temperature of 18 ◦C (supported by Yuan et al. (2011)), determining the ratio
of parameters br/cr =18 ◦C (Fig. 4.3). We choose a maximum of photosynthesis at 12 ◦C,
incorporating a CO2 fertilisation feedback indirectly via the dependence of temperature on
atmospheric carbon (bp/cp = 12 ◦C). The amplitudes of photosynthesis and respiration func-
tions (ar and ap, respectively) are approximated for agreement with carbon fluxes reported in
Ciais et al. (2013). Note that the functional form of carbon fluxes is not decisive for the model
dynamics, however, it is important that the curves of photosynthesis and respiration intersect
68
4.2. Methods
at some temperature limit where ecosystem respiration exceeds photosynthesis. With our
parametrisation this is the case at a global mean land surface temperature of approximately
13 ◦C, which is 4.5 ◦C warmer than the 20th century average global mean land surface
temperature (NOAA, 2015b). This is in line with multi-model assessments in carbon reversal
studies (e.g. Friend et al., 2013; Heimann et al., 2008).
The terrestrial carbon carrying capacity K(Ca(t)) in C˙t(t) determines how much carbon can
be accumulated in the terrestrial system at maximum, as long as photosynthesis exceeds
respiration (refer to Eq. 4.6). K(Ca(t)) was calibrated to represent both, past long term
climatic and terrestrial carbon changes (last glacial maximum to Holocene) (Crowley, 1995;
Franc¸ois et al., 1998; Joos et al., 2004; Kaplan et al., 2002) and prognostics of climate change
impacts on terrestrial carbon storage (Friend et al., 2013; Joos et al., 2001; Lucht et al., 2006),
to capture terrestrial changes due to climate variability (Fig. 4.4).
Figure 4.4.: Approximated terrestrial carbon carrying capacity (black line). Blue lines represent approximate
changes in terrestrial carbon storage published in Crowley (1995), Franc¸ois et al. (1998), Joos et al.
(2004), and Kaplan et al. (2002). Red lines represent simulated changes in terrestrial carbon storage
due to climate change reported by Friend et al. (2013), Joos et al. (2001), and Lucht et al. (2006).
Human activities such as fires, deforestation and agricultural land use that affect terrestrial
carbon stocks are summarised as human offtake of biomass and are presently estimated
at H(ttod) = 1.1 GtC a−1 (Ciais et al., 2013). With a present terrestrial carbon pool of
Ct(ttod) = 2470 GtC we calculate the human offtake rate α = H(ttod)/Ct(ttod).
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Fossil fuel emissions
The size of the geological fossil carbon stock cmax determines the carbon released from
fossil reservoirs (Eq. 4.2) and plays an important role for carbon dynamics (Sec. 4.3.4). In
the scope of this study, cmax is varied to assess different baseline emissions following the
cumulative emissions of the representative concentration pathways (RCPs). RCP2.6 is a low-
emission scenario with cumulative emissions of approximately 880 GtC (cmax = 0.2) (Vuuren
et al., 2011). The two medium emission scenarios RCP4.5 and RCP6.0 have cumulative
emissions of approximately 1200 GtC (cmax = 0.31) (Thomson et al., 2011) and 1400 GtC
(cmax = 0.36) (Masui et al., 2011), respectively. RCP8.5 represents a business as usual scenario
with cumulative emissions of approximately 2000 GtC (cmax = 0.51) (Riahi et al., 2011).
4.2.3. Planetary boundaries
We use the carbon-related planetary boundaries (climate change, ocean acidification and
land system change) to define the desirability of given trajectories of carbon pool evolution.
The proposed locations of these boundaries are normalised to match the normalisation of
our model.
The planetary boundary for climate change is proposed at 350 ppmv CO2 equivalents in the
atmosphere with an uncertainty range to 450 ppmv (Steffen et al., 2015). For our study we
take the middle of the uncertainty range (400 ppmv) because critical atmospheric thresholds
are likely to be located somewhere within the uncertainty range and obtain a normalised
climate change boundary is at 0.21 atmospheric carbon. Ocean acidification is measured via
the saturation state of aragonite and its boundary is set at 80% of the preindustrial average
annual global saturation state of aragonite (Steffen et al., 2015). Since chemical processes are
not explicitly represented in our model, this measure is not directly transferable to maritime
carbon content. This measure is not directly transferable to maritime carbon content because
it largely depends on chemical variables such as pH-value, ocean alkalinity and dissolved
inorganic carbon that are not included in the model. At the current carbon content (1150 GtC),
the saturation state of aragonite is at 84% of the preindustrial value (Guinotte et al., 2008).
We therefore estimate the normalised ocean acidification boundary at 0.31, about 5% higher
than the current value of the marine carbon stock (0.29). The land system change boundary is
defined in terms of the amount of remaining forest cover, motivated by critical biogeophysical
feedbacks of forest biomes to the physical climate system (Steffen et al., 2015). The global
boundary has been specified as 75% of global forest cover remaining (Steffen et al., 2015).
Due to the lack of biogeophysical feedbacks in the model, we translate deforestation into
carbon content by measuring the loss of vegetation carbon with deforestation. We thereby
neglect vegetation carbon of all non-forest biomes, while at the same time neglecting soil
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carbon changes by deforestation (Heck et al., 2016b), thus approximating that soil carbon
changes by deforestation are of the same order of magnitude as vegetation carbon pools
of non-forest biomes. With vegetation carbon of 550 GtC (Ciais et al., 2013), we obtain a
normalised land system change boundary at 0.59.
Note that the exact location and normalisation of the boundaries is not decisive for our results
because we qualitatively analyse the influence of tCDR management on the existence of
desirable trajectories. Slightly different sets of planetary boundaries would not qualitatively
change the systemic effects reported in this study.
4.2.4. Model analysis and terminology
Our analysis of the co-evolutionary system aims at assessing transient dynamics of carbon
pools with respect to planetary boundaries. First (Sec. 4.3.1), we run the model and exem-
plarily show the influence of socially controlled parameters of tCDR implementation on the
transient carbon pool evolution. It is of particular relevance under what circumstances the
simulated carbon pool trajectories (atmosphere, ocean and land) do not cross their respective
planetary boundaries. We refer to the regions on the safe side of the planetary boundaries as
safe regions. All carbon pool trajectories remaining in the respective safe region at all times
are considered safe trajectories. For example, all atmospheric carbon trajectories that do not
cross the planetary boundary for climate change (i.e. trajectories that are in the safe region of
atmospheric carbon) are safe atmospheric carbon trajectories. System states with each carbon
pool remaining in its respective safe region are referred to as carbon system states in the safe
operating space, i.e. safe states.
In a nonlinear dynamical system, trajectories can be sensitive to initial conditions. The
preindustrial distribution of carbon pools, as well as carbon dynamics in the Earth system are
relatively well assessed, while still subject to high uncertainty (Ciais et al., 2013). Furthermore,
considerable uncertainty remains with respect to our conceptual model structure and the
exact values of planetary boundaries. Bearing in mind these inherent uncertainties, we explore
how robust the existence of safe trajectories is under a variation of the initial conditions, i.e.
the initial carbon pool distribution, and different tCDR characteristics (Sec. 4.3.2).
Such a variation of initial conditions is also a common approach to conceptualising and
measuring resilience of social-ecological systems as the ability to return to an attracting state
after a perturbation (Holling, 1973; Scheffer et al., 2001). A suitable approach to quantifying
the likelihood of a complex system to return to an attracting state under finite perturbations
is basin stability analysis (Menck et al., 2013).
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In the context of planetary boundaries, not necessarily all trajectories that approach a safe
attractor (i.e. an attractor within the SOS associated to all three planetary boundaries) would
be considered safe, because they could temporarily leave the safe region. The concept of
constrained basin stability (Kan et al., 2016) and related methods (Hellmann et al., 2016)
provide generalisations of basin stability that allow taking transient phenomena into account.
Similarly to the constrained basin stability approach, we classify different domains in the
initial condition state space based on transient dynamics of carbon pools. The set of initial
conditions resulting in safe carbon trajectories form the safe domain. We refer to this domain as
the manageable core of the SOS (MCSOS), as it depends on the tCDR management characteristics
and the emission pathway. The undesirable domain is formed by all initial conditions resulting
in a transgression of all three carbon boundaries at some point in time. Remaining state space
domains are formed by initial conditions leading to a transgression of a subset of planetary
boundaries. They are referred to as the respective partially manageable domains (MD) (e.g. the
land manageable domain is the state space domain of initial conditions with trajectories
without a transgression of the land boundary).
The computational efficiency of our model allows for a systematic analysis of the MCSOS
and other domains under variation of societal parameters (tCDR management and fossil
fuel emissions). We analyse how the size of all domains (MCSOS, partially MDs and the
undesirable domain) varies with different tCDR characteristics (Sec. 4.3.3) and emission
pathways (Sec. 4.3.4). In the spirit of Kan et al. (2016), the size of (partially) manageable
domains can be interpreted as a resilience-like measure of the opportunities to stay within
the carbon related SOS, taking into account inherent structural uncertainties of our model,
the location of planetary boundaries, and the preindustrial carbon pool distribution. Note
that the maximum extent of the MCSOS is constrained by the planetary boundaries, but it
may differ from the SOS (i.e. the safe region), as the safety of the domain is determined by
transient system dynamics, whereas the SOS is defined within static planetary boundaries.
4.3. Results and discussion
4.3.1. Carbon system trajectories subject to societal tCDR management loop
To illustrate how the co-evolutionary social-environmental system evolves with respect to
carbon-related planetary boundaries, Figure 4.5 depicts trajectories of the major carbon
pools with tCDR adhering to different management characteristics. All trajectories start
at their respective normalised preindustrial state. The normalised planetary boundaries
(Sec. 4.2.3) are indicated as dotted lines and the safe region of each boundary (refer to
Sec. 4.2.4) is shaded in the respective colours. Variation of tCDR characteristics reflects
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In Figures 4.5b) and c), the societal tCDR response via harvesting from the terrestrial
carbon stock and subsequent storage starts just before the atmospheric boundary is reached
(C˜a=0.18∼340 ppmv). With a low tCDR rate (maximal storage flux of about 7 GtC a−1, αmax
= 0.0025), the CE sink is filled relatively slowly (Fig. 4.5b). Thus, a transient transgression
of the atmosphere and ocean boundaries cannot be prevented. However, all trajectories
re-enter their respective safe region after about 150 years. A higher tCDR rate (αmax = 0.025,
corresponding to very high potential storage fluxes of 26 GtC a−1 or 5% of global biomass
per year) can prevent a large increase in active carbon and thus prevents the transgression
of both, atmosphere and ocean boundaries (Fig. 4.5c). However, extensive harvest from
the land carbon pool then leads to a temporary transgression of the land boundary. The
implementation of tCDR was thus effective in its purpose of preventing entry into a dangerous
region of climate change, but at the cost of exploiting the land system to an extent that
crossed the land system change boundary.
These results show that small tCDR rates (Fig. 4.5b) (or too late implementation, results
not shown here) do not necessarily keep the system in the SOS. High tCDR rates (Fig. 4.5c)
could seem successful when focusing on the climate change boundary, but might in fact
not be feasible if other components of the carbon system are taken into account. In light
of ongoing deforestation for the purpose of bioenergy production (Gao et al., 2011), this
simulated collateral transgression of the land system change boundary with large-scale tCDR
is an important and plausible feature of the model.
In the actual Earth system, a transgression of the land system change boundary might evoke
additional trade-offs to the biogeophysical climate system (Foley et al., 2003), which are not
represented in the model. For example, large tCDR rates can only be achieved by large-scale
land-use change that could alter atmospheric circulations and rainfall patterns (Snyder et al.,
2004) even though the carbon related climate change boundary might not be transgressed
with high tCDR rates.
The carbon values stated here are primarily given as an orientation for the reader, and should
not be directly interpreted with respect to tCDR feasibility assessments. However, tCDR
rates of 7 GtC a−1 are in line with more conservative biomass harvest potentials considering
biodiversity conservation and agricultural limits (Beringer et al., 2011; Dornburg et al., 2010).
More idealistic assessments of tCDR rates of more than 35 GtC a−1 – assuming high biomass
yields on more than 1/4 of global land area – have been reported as well (Smeets et al., 2007).
In this context, the range of tCDR rates studied in this paper reflects both conservative and
highly optimistic tCDR potentials reported in the literature.
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4.3.2. State space domain structure of the Earth's carbon system subject to
societal tCDR management loop
We compute the state space domain structure (refer to Sec. 4.2.4) from a sample of initial
conditions around the preindustrial carbon state. We sample approximately 66,000 initial
conditions from a regular grid by variation of each carbon pool by ± 0.2 around the
preindustrial conditions. This range is a pragmatic choice which does not influence the
following qualitative analysis. To compute the existing domains, we evolve each initial
condition for 600 years in time and colour it according to the domains following from the
transient properties of the trajectories of land, atmosphere and ocean carbon, as described
above. The mapping of initial conditions sheds light on possible domains in the carbon
system and potential transitions into other state space domains in our model of the carbon
cycle. In this context, the vicinity of the preindustrial and current Earth system states to
such domain boundaries in the model's initial carbon condition state space is of particular
relevance.
Figure 4.6.: Charting of normalised carbon system initial condition state space in our model for three tCDR
management characteristics with identical, relatively low emission baseline (cmax = 0.2): a) without
tCDR (αmax = 0), b) intermediate tCDR rates (αmax = 0.004) and c) high tCDR rates (αmax = 0.04).
The two-dimensional plane is formed by sampling initial conditions around the preindustrial state
(variation of carbon stocks by ±0.2 while conserving total carbon in the system). Each domain is
coloured according to transient properties of trajectories starting in different state space regions. For
example, the MCSOS (i.e. safe domain) is formed by the initial conditions of safe trajectories, whereas
red indicates the initial conditions of trajectories crossing all respective planetary boundaries at
some point of the simulation. Lines indicate the associated planetary boundaries of atmosphere,
land and ocean in grey, green and blue, respectively.
Figure 4.6 shows the existing domains without tCDR (a), with intermediate tCDR rates
(b) and with very high tCDR rates (c). The emission baseline is the same for all variations
of tCDR characteristics, with cumulative emissions of approximately 880 GtC, which is
75
4. Collateral transgression of planetary boundaries due to climate engineering by tCDR
comparable to RCP2.6 cumulative emissions (Vuuren et al., 2011). The current state of the
carbon cycle is located in proximity to domain borders, highlighting that it is close to a
transgression of the land system and climate change boundaries. Historical emissions and
land system changes have moved the state of the carbon cycle closer towards the undesirable
domain, and remaining on an emission trajectory similar to RCP2.6 without tCDR results in
the non-existence of the MCSOS (Fig. 4.6a). Thus, the manageable core does not exist if the
implementation of tCDR management is not considered by society, even in a relatively low
emission scenario.
Figures 4.6b) and c) serve as an example of how human intervention and management by
tCDR can influence the size and even the existence of the MCSOS and other domains. With an
implementation of tCDR, the MCSOS can be re-established, potentially to its full extent, which
is directly determined by the three planetary boundaries (Fig. 4.6b). Even for a relatively low
emission scenario, the tCDR threshold needs to be at sufficiently low atmospheric carbon
contents (C˜a = 0.16) to prevent potential boundary transgressions. Nevertheless, because of
past land use change, the current Earth system state is approaching domains with unsafe
land system and climate change. If tCDR is applied under the same conditions but with a ten
times higher potential tCDR rate (αmax = 0.04), the MCSOS shrinks due to over-exploitation of
the land system for tCDR (Fig. 4.6c). The land system is over-exploited when the total human
biomass offtake flux (HCE + H) exceeds net ecosystem productivity (NEP). This decreases
terrestrial carbon pools (Eq. 4.5) which in turn limits the potential for tCDR (Eq. 4.11). In
Figure 4.6c) this occurs under high initial atmospheric carbon concentrations, because these
result in a higher tCDR-flux for the same potential tCDR rate (αmax, ref. to Fig. 4.2). The
current state of the carbon cycle of the Earth system is out of the MCSOS. In this case, large
societal commitment to avoid a transgression of the climate change boundary leads to a
collateral transgression of the land system change boundary in our model.
4.3.3. Size of manageable domains under variation of tCDR characteristics
The size and existence of the MCSOS and other state space domains depends on tCDR
characteristics (refer to Sec. 4.2.4). We compute the size of the different initial condition
state space domains depending on the most decisive management parameters, i.e. on the
implementation threshold C˜a and on the potential maximum tCDR rate αmax. The size of all
domains is measured in relation to the size of the considered state space section as depicted
in Figure 4.6, which is given by a variation of preindustrial conditions by ± 0.2.
Figure 4.7 depicts the relative size of the MCSOS and the partially manageable domains
under baseline emissions of cmax = 0.4, corresponding to cumulative emissions on the order
of RCP6.0. The size of the MCSOS or partially MDs can be interpreted as a form of resilience
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Figure 4.7.: Relative size of domains in modelled carbon system initial condition state space for normalised
parameter variation of a) tCDR threshold (with αmax = 0.02) and b) tCDR rate (with C˜a = 0.2) for a
medium emission scenario (cmax = 0.4 ∼ 1600 GtC cumulative emissions). All domain sizes are
given as shares of the state space region defined by a variation of the preindustrial conditions by
± 0.2.
of the system (i.e. the likelihood that the system stays within the carbon related SOS). Thus,
we measure the resilience of the carbon cycle by the size of MCSOS (i.e. the opportunity of
success of tCDR to maintain safe trajectories). This strongly depends on the atmospheric
carbon threshold at which tCDR is implemented. Obviously, only the anticipation of an
approaching planetary boundary can prevent a transgression thereof. Thresholds higher
than the atmospheric carbon boundary (bl = 0.21) are not sufficient in sustaining a MCSOS,
because the atmosphere MD disappears by definition at C˜a = 0.21 (grey line in Fig. 4.7a).
However, strong anticipation coupled with too early tCDR implementation does not neces-
sarily maintain the system within the SOS. If tCDR is initialised at relatively low atmospheric
carbon contents (C˜a = 0.13 (approx. 330 ppmv) in Fig. 4.7a), the MCSOS is diminished due
to a transgression of the land system change boundary at some point in time. Hence, the
window of opportunity for using tCDR as a means of staying in the SOS under this exemplary
fossil fuel emission scenario is limited to a relatively narrow range of tCDR implementation
thresholds. The size of the land MD shows nonlinear dependence on the tCDR threshold. For
thresholds between 0.2 and 0.25, the land MD is almost diminished (Fig.4.7a), because the
relatively high tCDR rate (αmax = 0.02) leads to an over-exploitation of the land system (ref.
to Sec. 4.3.2). However, higher tCDR thresholds avoid this over-exploitation and increase the
land MD, because of a later onset of tCDR and overall higher NEP due to higher atmospheric
carbon contents and temperatures (Eq. 4.6).
Similar to the tCDR threshold, the parameter governing the maximal achievable rate of tCDR
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plays a decisive role for the existence of the MCSOS. With a tCDR implementation threshold
not far below the atmospheric carbon boundary (C˜a = 0.2), high tCDR rates are required in
order to maintain a MCSOS. TCDR starts being effective in maintaining a MCSOS at a rate
of αmax > 0.007 (corresponding to approx. 16.5 GtC a−1 with a fixed land carbon pool of 0.6).
Rates smaller than that are not sufficient because of a lacking atmospheric MD (grey line in
Fig. 4.7b).
As the tCDR threshold, also the tCDR rate influences especially the size of the land MD.
For small tCDR rates, the land MD is sustained because of high atmospheric carbon con-
centrations small biomass extraction. Rates higher than αmax = 0.0075 result in a smaller
land MD due to the over-exploitation of the photosynthetic productivity of the system which
is reduced by both, biomass removal and decreasing atmospheric carbon concentrations
driving NEP. Higher rates, however, lead to overall smaller reductions of the land MD. This
nonlinearity is evoked by the co-evolutionary feedbacks between society and the carbon
cycle, which lead to a deceasing tCDR flux if the system is in the atmosphere MD. Thus,
sufficiently high tCDR rates lead to fast atmospheric carbon decrease and tCDR is switched
off before the land system boundary is transgressed.
This analysis of the size of initial condition state space domains suggests that the success of
tCDR in sustaining the Earth system's persistence in the carbon SOS nonlinearly depends
on the characteristics of tCDR implementation. On the one hand, foresightedness and
anticipation of planetary boundaries are required to maintain the MCSOS, while on the
other hand, too early or too intensive management could trigger co-transgressions of other
planetary boundaries.
4.3.4. Opportunities and limitations of tCDR
While anticipation and appropriate management are necessary, the underlying emission
scenario plays a major role in the resulting carbon dynamics. Figure 4.8 exemplarily depicts
the relative MCSOS size for variations of tCDR characteristics (threshold and potential
maximum rate) for emission pathways in accordance with RCP cumulative emission scenarios.
The window of opportunity for successful tCDR (i.e. the size of the MCSOS) decreases with
increasing emission baselines and depends on the tCDR rate and threshold. In the case of
the low emission RCP2.6 scenario (cmax = 0.2), the MCSOS can be sustained for a broad
range of parameter values (Fig. 4.8a). The medium emission scenarios RCP4.5 (cmax = 0.31,
Thomson et al. (2011)) and RCP6.0 (cmax = 0.36, Masui et al. (2011)) show a more narrow
range of tCDR characteristics that have the potential to sustain a MCSOS (Fig. 4.8b and c).
In a business-as-usual RCP8.5 scenario, the room for manoeuvring to maintain a MCSOS is
very small (Fig. 4.8d).
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Figure 4.8.: Relative size of the MCSOS for normalised parameter variation of potential maximum tCDR
rate (x-axis) and tCDR threshold (y-axis) for different underlying emission scenarios: a) RCP2.6
(cmax = 0.2), b) RCP4.5 (cmax = 0.31), c) RCP6.0 (cmax = 0.36) and d) RCP8.5 (cmax = 0.51).
Besides the dependence on the emission scenario, Fig. 4.8 highlights that for most emission
scenarios the range of tCDR thresholds sustaining the MCSOS is narrow and depends on
the tCDR rate. As discussed in Section 4.3.3 (for a fixed tCDR rate), tCDR thresholds higher
than the atmospheric carbon boundary (0.21) are not sufficient in preventing a boundary
transgression in the medium to high emission scenarios (Fig. 4.8b-d), whereas small tCDR
thresholds lead to a transgression of the land system change boundary (unless tCDR rates
are within a very narrow range smaller than 0.001). The variation of both, the tCDR rate and
threshold, shows that smaller tCDR rates require a smaller minimal tCDR threshold as well
as a smaller maximal threshold (Fig. 4.8b-d). This dependence of the success of tCDR on both,
the tCDR characteristics and the underlying emission scenarios, highlights the relevance of
societal intervention for global carbon dynamics. Essentially, tCDR intervention can trigger
a nonlinear carbon system response through the land system when human carbon offtake
exceeds NEP, which in turn causes a further reduction of NEP and tCDR potentials.
In our conceptual framework, tCDR can be effective in complementing climate change
mitigation strategies as employed in low emission scenarios. However, already an RCP4.5
emission scenario narrows the range of potentially successful management options signifi-
cantly in comparison to RCP2.6 emissions. Under a business-as-usual pathway, tCDR cannot
be applied to maintain a MCSOS in a resilient way. In contrast to prevailing reasoning of CE
as an emergency action in case of dangerous climate change (Caldeira et al., 2010), tCDR
would most likely not function as an emergency option under high emission scenarios when
additional sustainability dimensions reflected by other planetary boundaries are taken into
account.
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4.4. Conclusions
The introduced conceptual modelling approach − combining carbon cycle dynamics with a
societal feedback loop of carbon monitoring and terrestrial carbon dioxide removal (tCDR)
action − provides valuable insights into system-level constraints to navigating within the
carbon-related safe operating space defined by several interlinked planetary boundaries.
Despite the fact that the reported results cannot be taken as exact quantitative prognostics
of carbon pool evolution, our analysis has shown that employing tCDR for managing the
atmospheric carbon pool does not necessarily safeguard the carbon cycle in the safe operating
space because of nonlinear feedbacks between tCDR management and the carbon system.
The success of maintaining a manageable core of the safe operating space depends on the
degree of anticipation of climate change, the potential maximum tCDR rate, as well as the
underlying emission pathway. While tCDR might be successfully deployed as part of a strong
climate change mitigation scenario, it is not likely to be effective in a business-as-usual
scenario. Particularly, the focus on one planetary boundary alone (e.g. climate change),
may lead to navigating the Earth system out of the carbon-related safe operating space
due to collateral transgression of other boundaries (e.g. land system change). In light of
numerous (economically based) integrated assessment studies proposing tCDR to counteract
anthropogenic emissions, our conceptual results highlight that it is vital to include integrated
sustainability assessments of more advanced models to the debate on climate engineering
(CE) and climate change mitigation via tCDR. In the case of tCDR, the consequences for
biosphere integrity, as well as trade-offs with agricultural land use and the biogeophysical
climate system must be taken into account among other sustainability dimensions reflected
by planetary boundaries and beyond.
In analogy to our analysis for tCDR, the approach followed in this paper could be transferred
to other CE proposals such as ocean fertilisation or solar radiation management. Additionally,
it would be of interest to extend the analysis provided here and study Earth system dynamics
under CE with more detailed models in line with the framework proposed by Heitzig et al.
(2016), including a full topological analysis of the system with respect to the possibility of
avoiding or leaving undesired domains, the reachability of desirable domains and the various
management dilemmas induced by this accessibility structure.
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5.1. Introduction
There is increasing attention to global aspects in the sustainability debate. The 2030 Agenda
for example requests 'to implement the Agenda within our own countries and at the regional
and global levels'. Global environmental sustainability criteria have been defined by the
Planetary Boundaries framework (Rockstro¨m et al., 2009; Steffen et al., 2015). These bound-
aries delimit the environmental safe operating space from a large-scale perspective, as a
pre-condition for human well-being and development. With that, the Planetary Boundaries
(PBs) also set guardrails within which the Sustainable Development Goals (SDGs) need to
be implemented. The PBs address for example climate change (with reference to the 2◦C
target), phylogenetic and functional biodiversity loss, land use change (with reference to
forest cover), and freshwater use (Steffen et al., 2015).
While science is exploring each of the PBs in great detail now (e.g. Gerten et al., 2013;
Newbold et al., 2016; Vries et al., 2013), there has been far less attention to related planetary
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opportunities, which are the flipside of the same coin. In this paper we explore such global
(top-down) opportunities for sustainable development within the globally defined safe
operating space, considering land use as the key issue for sustainability transitions. While
land use has repercussions at the global scale, e.g. in terms of carbon sequestration (Houghton
et al., 2012; Pielke et al., 2002), biodiversity loss (Cardinale et al., 2012; Newbold et al., 2016)
or moisture fluxes (Boisier et al., 2014; Keys et al., 2012), it is a very local phenomenon, which
responds to larger scale drivers such as national legislation or global trade.
In order to concretely support sustainability transitions and guide sustainable environmental
management and resource use, smaller scales of policy- and decision-making need to be
integrated with the global PB perspectives. This raises the question, what such top-down
planetary opportunities imply for individual regions or countries and how consistent global
approaches are with bottom-up local or national strategies or plans (e.g. national development
plans). Agenda 2030 refers to this type of consistency across scales by requiring 'each
government setting its own national targets guided by the global level of ambition but
taking into account national circumstances'. Thus, there is a need for complementing existing
systems approaches such as Integrated Water Resources Management (Agarwal et al., 2000),
Ecosystem Approaches (CBD, 2000) or Landscape Approaches (DeFries et al., 2010; Sayer,
2009) (which generally address horizontal integration across sectors and disciplines) with a
vertical integration component across scales and levels.
There have been numerous scenario exercises on future land use (e.g. Pereira et al., 2010;
Prestele et al., 2016). Land use scenarios depend on wide range of assumptions about
drivers such as population growth, technological progress and efficiency increase, lifestyle
change and consumption patterns (Harfoot et al., 2014). In this paper we combine multiple
sustainability criteria for land use, in particular food production, carbon sequestration and
biodiversity conservation, implicitly also forest cover and water use, with a spatially explicit
land use optimisation. Moreover we begin a to combine sustainability criteria at multiple
spatial scales, i.e. global, regional and national. With that we explore opportunities for
sustainable land use that integrates horizontally (across sectors) and vertically (across scales).
We seek solutions that help to stay within the environmental safe operating space, while
feeding a global population of 9.1 billion people (which is the population projection for
the year 2050 in the middle-of-the-road SSP2 scenario (Yamagata et al., 2015)). We include
scenarios on improvements of agricultural (crop and livestock) productivity and aim at
reducing the transgression of the PBs for climate change and biosphere integrity which are
integrated in our optimisation via the sustainability criteria of terrestrial carbon storage
and risk to biodiversity. We further account for the PBs for land system change (control
variable: forest cover fraction) and freshwater use (control variable: consumptive blue water
use) (Steffen et al., 2015). Eventually we begin to apply the global solutions to individual
regions and countries to assess the consequences e.g. in terms of selected SDG targets.
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5.2. Methods
The optimisation of land use scenarios (Fig. 5.1) is based on simulations with the state of
the art dynamic vegetation model LPJmL (ref. to Sec. 5.2.1) and data sets on biodiversity
and land suitability (ref. to Sec. 5.2.4). The optimisation is driven by scenarios of agricultural
productivity, global population and food demands (ref. to Sec. 5.2.5) and considers multiple
constraints (ref. to Sec. 5.2.4) while maximising terrestrial carbon storage and minimising the
risk to biodiversity. The optimisation model and its foundations are described in more detail
in the following sections.
Figure 5.1.: Methodological workflow
5.2.1. LPJmL model
We use LPJmL to simulate carbon pools on natural and agricultural land, crop harvest
potentials and agricultural water consumption and water availability for different agricultural
efficiencies (Sec. 5.2.5). LPJmL is a process-based dynamic global vegetation model with
representations of natural and managed ecosystems. It simulates key ecosystem processes of
the carbon (Bondeau et al., 2007; Sitch et al., 2003) and water cycle (Gerten et al., 2004; Rost
et al., 2008b; Sitch et al., 2003) at daily time steps with a spatial resolution of 0.5◦. LPJmL
has been extensively validated for its representation of carbon cycles (Sitch et al., 2003),
agricultural crop production (Bondeau et al., 2007; Fader et al., 2010), irrigation requirements,
river flows and water fluxes (Gerten et al., 2004; Rost et al., 2008b).
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Natural vegetation is represented by nine plant functional types (PFTs) which are dynamically
distributed depending on climate (Sitch et al., 2003); agricultural vegetation is represented
by 12 crop functional types (CFTs), grazing land and biomass functional types (BFTs). The
distribution and irrigation management of agricultural vegetation and biomass plantations is
prescribed (Beringer et al., 2011; Bondeau et al., 2007; Ja¨germeyr et al., 2015)). Crop sowing
and harvest dates are simulated based on CFT-specific parameters and climate characteristics
(Bondeau et al., 2007; Waha et al., 2012). Agricultural management intensity is represented by
three coupled CFT-specific parameters, maximum leaf area index (LAImax), a scaling factor
for leaf-level photosynthesis (alphaA) and a harvest index describing the ratio of harvested
storage organ to total above ground biomass. Agricultural production intensity is calibrated
at the country level via LAImax which can range from 1 (lowest intensity) to 7 (highest
intensity) to simulate the best approximation of national yield statistics of the Food and
Agriculture Organization's FAOSTAT database from 1999-2003 (Fader et al., 2010). Crops
that are not represented by the 12 CFTs are simulated as grasslands and here referred to as
others. Grazing land and others are harvested to 50% as soon as the above-ground carbon
pool threshold is reached.
5.2.2. LPJmL simulations
LPJmL was used to determine potential carbon pool changes and yields under the cultivation
of pastures, crops (irrigated and rainfed) and others (irrigated and rainfed) as well as potential
irrigation water requirements and water availability of irrigated crops and others as inputs
to the optimisation model. For this purpose, LPJmL was driven by historical climate data
from CRU TS3.10 (Harris et al., 2014). To bring soil carbon pools and vegetation distribution
into equilibrium, all simulations were preceded by a 5000-year spin-up with potential
natural vegetation (PNV) repeating climate data of the years 1901-1930. Subsequently, various
potential land use configurations (see Table 5.1) are simulated from 1976-2005 with an
additional spinup of 390 years allowing for the adjustment of carbon pools.
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Simulation Land use input
PNV potential natural vegetation
CURR current cultivated crop area according to GAEZ (Fischer et al., 2012),
pasture extend from (Ramankutty et al., 2008)
PAS pastures globally
Cr - FAO rainfed crops globally; current crop mix in grid-cell (LPJmL crops 1-12)
is maintained but scaled to 100%; grid-cells currently without crops are
assigned the country mean crop mix (LAImax calibration to FAOSTAT)
Cr - 1/2 yield gap spatial distribution as above, but with halved yield gaps at the country
level (the gap between calibrated LAImax and highest LAImax(7) is halved)
Ci - FAO potentially irrigated crops globally; current crop mix in grid-cell (LPJmL
crops 1-12) is maintained but scaled to 100%; grid-cells currently without
crops are assigned the country mean crop mix (LAImax calibration to
FAOSTAT)
Ci - 1/2 yield gap spatial distribution as above, but with halved yield gaps at the country
level (the gap between calibrated LAImax and highest LAImax (7) is halved)
Or rainfed others globally
Oi potentially irrigated others globally
Table 5.1.: LPJmL simulation protocol for the generation of optimisation inputs.
5.2.3. Optimisation model
We developed a spatially explicit land use optimisation model (based on the R-package
lpSolveAPI for linear optimisation (Konis, 2016)) that distributes agricultural land use while
minimising global terrestrial carbon pool losses (Lc) and the global risk of biodiversity loss
(Rb) as well as fulfilling scenario driven food supply constraints. To this end, the grid cell
fractions under cultivation of LPJmL crops (irrigated crops ci or rainfed crops cr), LPJmL
others (irrigated oi or rainfed or) and pastures (rainfed p) are varied on a 1.0◦-grid until a
global optimum is found:
min
fagr
(
wb Rb( fagr) + wcLc( fagr)
) | Cf ,Cl ,Ci,Cb, (5.1)
with fagr = f
j
ci + fcr + foi + for + fp. (5.2)
The distribution of agricultural land use is subject to scenario driven food supply constraints
on the global harvest of crops, others and pastures (Cf ), constraints on land availability and
suitability (Cl), constraints on irrigation water availability (Ci) and regional biodiversity
conservation (Cb), described in Section 5.2.4. Throughout different optimisation runs, the
weights on biodiversity wb and on carbon wc conservation are varied (wb + wc = 1).
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To measure the risk of biodiversity loss, we define a global biodiversity risk indicator:
Rb( f
j
agr) = 1−
∑nj=1 E
j
r(1− f jagr)
∑nj=1 E
j
r
, (5.3)
based on terrestrial vertebrate endemism richness (Er) in grid-cell j (details in SI 5.5.1)
and the grid-cell fraction under agricultural land use (Eq. 5.2). In order to capture the risk
of extinction from cropland expansion, we take endemism richness (Kier et al., 2009) as
biodiversity indicator, which can be interpreted as the specific contribution of an area to global
biodiversity. Without any agricultural land use Rb is zero whereas global full agricultural
land use results in Rb = 1. Terrestrial carbon losses (Lc) in soil, litter and vegetation are
calculated by comparing potential carbon storage under natural vegetation (Cpnv) to carbon
storage under different agricultural land use types (CLU), simulated by LPJmL (Sec. 5.2.1):
Lc( f
j
LU) =
n
∑
j=1
(
Cjpnv − ∑
LU∈cr ,ci ,oi ,or ,p
f jLUC
j
LU
)
. (5.4)
In the optimisation, carbon pools are normalised to the global average of potential carbon
pools per gridcell (Cjpnv) and endemism richness is normalised to the global average of
potential endemism richness per gridcell (Ejr).
5.2.4. Optimisation constraints
The distribution of crop, others and pasture grid-cell fractions is subject to various constraints
on harvest requirements, land and water availability as well as biodiversity conservation,
some of which are varied throughout the study.
Harvest requirements Global sums of minimum required calories production from LPJmL
crop types (in kcal/a), minimum harvest from the LPJmL-type others (in dry matter t/a)
and minimum pasture harvest (in dry matter t/a) are prescribed in the optimisation. We
use FAOSTAT's food balance sheets for 2005 (FAOSTAT, 2005) to derive vegetal calories
production from the LPJmL category others (13.8% of the total calories production), which
is not explicitly simulated by LPJmL. As yields from foddergrass (for the livestock sector)
are not included in the food balance sheets but part of the others-category in the LPJmL
land use data, we accounted for them separately, assuming 15% of the others-harvest to be
foddergrass (Portmann et al., 2010). Further, we integrate production data for other utilities,
waste and seed into the production for food (i.e. total production without production for
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feed), implying a constant ratio of production for food and production for other utilities,
waste and seed.
Required crop-calories production and harvest depend on population, food supply and
livestock efficiency scenarios (ref. to Sec. 5.2.5). In the case of current food supply and a
change in population, the required production of crops, others (including foddergrass) and
pasture is changed linearly to population change. In the case of improved food supply and a
change in population, additional calories production requirements for vegetal products are
fulfilled only from the category crops, as these have an explicit representation in LPJmL and
include the major energy yielding crops. In the livestock sector the shares of crops, others,
foddergrass and pasture are kept constant in the baseline productivity scenario or changed
according to livestock productivity increases.
Land availability and suitability Land availability varies for the optimised land use types.
Forest areas based on intact forest landscapes (IFL) of the year 2000 (Potapov et al., 2008) and
GAEZ forest land cover (Fischer et al., 2012) are restricted for all types of land use. Grazing
land expansion is allowed on all other areas with net primary productivity (NNP) higher
than 20 gC/m2 (Erb et al., 2007) to exclude marginal lands. Crops and others expansion is
allowed on potential suitable cropland derived from FAO GAEZ areas. To this end, areas
with rainfed soil and terrain suitability index from 1 (very high) to 6 (marginal) for high and
low input (Fischer et al., 2012) are spatially averaged to obtain potential intermediate input
areas for crops and others.
Irrigation water availability Irrigation expansion is allowed anywhere on crop suitable
areas, as long as sustainable irrigation water is available. To define water availability, we
use a water stress indicator (WSI) that defines the scarcity of water for human use via the
mean annual runoff (MAR) after accounting for environmental flow requirements (EFRs)
(Smakhtin et al., 2004):
WSI =
withdrawal
MAR− EFR (5.5)
From Eq. 5.5 we obtain allowed withdrawals per river basin and grid-cell for different WSI
levels. According to Smakhtin et al. (2004), basins are overexploited when WSI > 1, heavily
exploited when 0.6 ≤ WSI < 1, moderately exploited when 0.3 ≤ WSI < 0.6 and sightly
exploited when WSI < 0.3. In this study we limit tolerable water stress to WSI ≤ 0.3
(allowing for slightly exploited basis). The effects of allowing moderately exploited basins
(WSI ≤ 0.6) is shown in the supplementary material (Fig. 5.8). EFRs are set at 30% of mean
annual discharge (Gerten et al., 2013).
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Biodiversity conservation As an additional constraint to the objective of minimising bio-
diversity losses, a biome-level biodiversity conservation is introduced to prevent the risk of
biome-level biodiversity extinction:
nb
∑
j=1
f jagrEr ≥ (1− cb)
nb
∑
j=1
Er, (5.6)
with j = 1...nb grid-cells in each biome, fagr fraction under agricultural land use and the
parameter for biome level biodiversity conservation; cb ∈ [0, 0.9]. The latter is varied in this
study.
5.2.5. Optimisation scenarios
Overall, all optimisation scenarios are based on constant current climate patterns (ref. to
Sec. 5.1) and maintain at least the primary forest cover on currently forested land. Further-
more, we maintain the current crop distribution per grid-cell (or reference to national average
if currently uncultivated land is cultivated with crops) assuming that the current crop mix in
itself is a historic optimisation.
We perform optimisations of land use patterns for different scenarios of food supply and crop
and livestock efficiency for a global population of 2050 (9.1 billion under the SSP2 scenario
(Yamagata et al., 2015)) and for a baseline population of 2005 (6.4 billion (University, 2005)).
The baseline food supply is 2761kcal/cap/d with a share of 17% from animal products
according to the FAO's Food Balance Sheets for 2005 (FAOSTAT, 2005). The improved food
supply scenario assumes a food supply of 3000 kcal/cap/d with a share of 20% from animal
products as a simplistic proxy for food security (Rockstro¨m et al., 2007).
The efficiency scenarios for the agriculture and livestock sector represent current productivity
and an improved crop and livestock productivity scenario. For current crop and livestock
productivity, LPJmL crop yields are calibrated to FAO statistics (Sec. 5.2.1). Current input-
output ratios of produced feed calories per crops, others, foddergrass (15% of others (Portmann
et al., 2010)) and pasture were derived from the Food Balance Sheets of 2005 (FAOSTAT,
2005) and are kept constant in the baseline scenario.
The improved crop and livestock productivity scenario is motivated by the fact that agricul-
tural productivity has always increased and is expected to increase further (Bruinsma, 2009).
The rate at which this will happen is, however, highly uncertain. For example, Bruinsma
(2009) assumes a yield increase by about 70% by 2050 compared to 2005. For crop productivity
increase, we here assume that the gap between current and obtainable yields under optimal
management is reduced by 50% (as e.g. in Rockstro¨m et al., 2014) and change the calibration
of LPJmL accordingly (ref. to Sec. 5.1). Thereby, the crop yields of low management systems
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are increased more substantially than the yields in well managed systems. Productivity
increase in the livestock sector is based on a scenario of ruminant meat substitution (RMS)
(Wirsenius et al., 2010). This assumes an improved livestock productivity compared to FAO
projections combined with a decrease in per-capita consumption of ruminant meat (beef
and mutton) which is replaced by pork and poultry (Wirsenius et al., 2010). In the RMS
scenario, feed intake per output is reduced by 5.7% for crops, by 16.9% for others (including
foddergrass) and by 41.0% for pastures, compared to the baseline.
5.3. Results and discussion
5.3.1. Global opportunities and trade-offs of optimised land use patterns
From the land use optimisation, we obtain curves of pareto-optimal solutions, when applying
different objective weights for terrestrial carbon storage (wc), risk to biodiversity (wb) and
varying different biome level biodiversity conservation criteria (Sec. 5.2.4). Fig. 5.2 depicts
the range of possible solutions for each of the considered scenarios (Sec. 5.2.5). The left
ends of the pareto-optimal curves are optimisation runs with zero weight on biodiversity
conservation (yielding the highest potential of carbon accumulation) while the right ends
have zero weight on carbon storage (yielding the highest potential of biodiversity risk
reduction). Thus, the pareto-optimal curves demonstrate trade-offs between carbon storage
and biodiversity conservation.
All solutions (Fig. 5.2) ensure the prescribed food supply. As a simple proxy for food security,
global food supply was prescribed at the level of 3000 kcal per capita and day with 600 kcal
per capita per day from animal products to ensure sufficient protein supply. This is an
increase of about 10% from the current per-capita calorie supply and 22% from the current
supply of animal products. Defining food security as a certain global average per-capita
calorie production assumes a free distribution (via trade) of surplus production to deficit
areas (ref. to Sec. 5.3.3). Overall, most of the optimised land use patterns show significant
potential to increase terrestrial carbon storage and lower the global risks to biodiversity,
while providing the required food supply (Fig. 5.2).
Obviously, the potential for improving land use in terms of terrestrial carbon storage and
risks to biodiversity depends on the food requirement (driven by the per-capita calorie supply
and the total population size) and the agricultural productivity. The current per-capita daily
supply of 2761 kcal (lighter colours) yields higher carbon sequestration potentials and lower
risks to biodiversity compared to the scenario of improved per-capita calorie supply (darker
colours). Improved agricultural productivity (triangles) allows for more carbon sequestration
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and lower risks to biodiversity compared to current agricultural productivity (circles), ceteris
paribus.
Figure 5.2.: Pareto-optimal curves for different populations, food supply levels and agricultural productivities.
Each pareto-optimal curve (one colour and shape) consists of a range of solutions representing
different weights on carbon and biodiversity in the objective function and different constraints on
minimum biome-level biodiversity conservation. The axes depict global changes (optimised minus
current land use) in the biodiversity risk indicator (x-axis) and changes (optimised minus current
land use) of terrestrial carbon losses associated to land use change (vegetation and soils) (y-axis) of
the optimised land use pattern, compared to current land use. The scenario marked with a circle is
analysed in more detail and spatially explicit below.
Without the improvement of agricultural (crop and livestock) productivity, improved food
supply (3000 kcal, 600 kcal from livestock products) cannot be achieved for a population of
9.1 billion in our optimisation (as projected in the SSP2 scenario for 2050 (Yamagata et al.,
2015), no red circles in Fig. 5.2). At current agricultural productivity, per-capita daily food
supply for the projected population of 2050 remains limited to current level of 2760 kcal with
17% from livestock products (orange circles). Note that in this scenario, terrestrial carbon
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storage is smaller compared to current land use. Only in some of the solutions in their
scenario (with wb > wc) at least achieve a reduction of the risk to biodiversity.
However, the projected population of 2050 can also be food secure at the higher per-capita
daily food supply level of 3000 kcal per capita and day if agricultural productivities are
increased. In that case terrestrial carbon storage can be increased by up to 98 GtC (wb = 0)
and risks to biodiversity can be decreased by up to 53% (wc = 0), compared to the current
situation (red triangles in Fig. 5.2). This, however, requires significant improvements in crop
and livestock productivity in addition to the land use optimisation itself. We apply stylised
improvements in agricultural productivity, i.e. a uniform reduction of all yield gaps for crops
by 50% and an increase in livestock conversion efficiency and productivity, including a shift
from ruminant to monogastric products (ref. to Sec. 5.2.5 and Table 5.3).
Figure 5.2 further shows that for the 2005 population the optimisation of land use patterns –
when maintaining current food supply levels and current agricultural productivity – allows
for terrestrial carbon sequestration of 151 GtC (long-term). This corresponds to a reduction
of terrestrial carbon losses from historical land use change by up to 37% (light-green circles,
Fig. 5.2). Even with improved food supply for the 2005 population, significant carbon
sequestration potentials of 69 GtC exist (dark-green circles). Higher agricultural productivity
could even increase this potential to 225 GtC, re-sequestering a significant share (55%) of
carbon losses attributed to historical land use change.
The potential reduction of the risk to biodiversity (Rb, Eq. 5.3) is remarkable in scenarios
with improved agricultural productivities (Fig. 5.2). It ranges up to -84% for the population
of 2005 and current food supply (light green triangles) and -69% under current (orange
triangles) or -53% under improved food supply (red triangles) for the population of 2050.
Even under current agricultural productivity and when supplying 9.1 billion people with
food at the current level of 2761 kcal per capita and day, biodiversity risks can be reduced by
12% (orange triangles).
Overall, the optimisation objectives to reduce the risk to biodiversity and carbon losses at
the global level (Eq. 5.1) result in the re-allocation of agricultural production to regions with
relatively high productivity and water availability but relatively low endemism richness
and terrestrial carbon pools. The variation of the objective weights for carbon storage and
biodiversity conservation, highlights trade offs between the two optimisation objectives along
the pareto-optimal curves. Essentially, optimised land use patterns allowing for higher carbon
sequestration potentials come at the cost of higher risks to biodiversity loss, and vice versa.
This trade-off is mostly evoked by differences in relative carbon and biodiversity richness
in the boreal and tropical zones. While terrestrial carbon pools in the boreal zones are high,
there is relatively low endemism richness. In the tropical zone, however, endemism richness
is significantly higher and potential terrestrial carbon losses are lower. Thus, high objective
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weights on biodiversity conservation lead to less agricultural land use in tropical regions
of high endemism richness and more land use in the northern hemisphere with pasture
areas shifting to the boreal zones. The opposite occurs for high objective weight on carbon
sequestration where crop and pasture areas are shifted temperate and tropical zones.
While this global top-down optimisation of land use patterns shows significant opportunities
on the production and supply side, additional opportunities exist at the consumption and
demand side, e.g. in terms of reducing the contribution of livestock products to food security.
Thus, changing consumption patterns and in particular diet changes can significantly widen
the option space.
In the following we select a middle-of-the-road solution of the scenarios of a 2050 population
of 9.1 billion with improved per-capita food supply and improved agricultural productivity
(pareto-optimal curve represented by red triangles in Fig. 5.2 which we analyse in more
detail (Table 6.2).
Scenario characteristics
population 2050 (9.1 billion)
food supply optimal (3000 kcal/cap/day, 20% livestock)
agricultural productivity yield gap closure by 50%, improved livestock efficiency com-
bined with a 20% ruminant meat substitution
optimisation weights wb = 0.2, wc = 0.8
biome-level conservation not more than 40% of endemism richness in each biome may be
affected
Scenario results
cropland area 1997 Mha (+ 451 Mha compared to current)
grazing land 2242 Mha (- 655 Mha compared to current)
terrestrial carbon pool 2759 GtC (+ 69 GtC compared to current)
biodiversity risk indicator 0.18 (- 0.14 compared to current)
remaining forest cover 77.7% of the natural forest cover (+ 3.2% compared to current)
irrigation water consumption 1699 km3 (+ 980 km3 compared to current)
Table 5.2.: Characteristics and results of the selected scenario.
We make this solution (marked with a black circle in Fig. 5.2) spatially explicitly and compare
it to the current land use. The resulting change in land use (optimised minus current land use)
of that solution is depicted in Figure 5.3. We find that the optimisation generally shifts crop
production towards mid-latitude regions of the northern hemisphere, where productivity is
higher (latitudinal gradient in Fig. 5.3). While in this scenario the demand for crop calories
for food and feed increases by 58% compared to 2005 population and per-capita food supply,
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crop area (crops and others) increases only by 29% (451 Mha). Particularily in Europe, the
Western US and Western Asia, cropland replaces pastures (blue colour tones), whereas crop
and pasture areas increase in particular in the mid US, parts of Brazil and Sub-Saharan Africa
and Russia/Kazakhstan (red colour tones).
Crop and pasture land is abandoned in some tropical and boreal zones (green colors), allow-
ing for forest regrowth and significantly reducing the risk of biodiversity loss (Fig. 5.4). Note
that this assumes a reduction in biodiversity risk if agricultural land use is turned back into
forest. Because of a substantial reduction in grazing land by 655 Mha (23%) total agricultural
(crop and grazing) area shrinks by 5% (204 Mha) - while still supplying 3000 kcal per capita
and day for more that 9 billion people.
Figure 5.3.: Differences in crop and pasture fractions between the selected optimised land use scenario (Table 6.2)
and current land use (optimised minus current land use). Longitudinal and latitudinal gradients
depict the aggregated differences in crop and pasture areas of the respective longitudinal and
latitudinal grid cells.
Agricultural land use shifts to regions with high land use efficiencies and where carbon
losses and risks to biodiversity are lower per calorie produced compared to the current
situation (Fig. 5.4). This reduces the total agricultural area, increasing forest land and allows
for additional terrestrial carbon sequestration of 69 GtC and reducing the biodiversity risk
indicator to 0.14 (from 0.33 under current land use). Terrestrial carbon storage increase almost
uniformly across all latitudes, while the risk to biodiversity decreases almost uniformly across
all latitudes (Fig. 5.4). This global top-down solution can be interpreted to support the 'land
sparing'argument rather than the 'land sharing'argument Fischer et al., 2014 and its results
need to be integrated with bottom-up sustainability criteria to eventually contribute to
sustainable solutions at the local to national scale (ref. to Sec. 5.3.3).
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Figure 5.4.: Differences in the risk of biodiversity loss and terrestrial carbon storage between the selected
optimised land use scenario (Table 6.2) and current land use (optimised minus current land use).
Longitudinal and latitudinal gradients depict the differences in aggregated carbon pools and the
differences biodiversity risk indicator of the respective longitudinal and latitudinal grid cells.
5.3.2. Planetary boundaries
The potential increase in global terrestrial (equilibrium) carbon storage of the selected scenario
(Table 6.2) equals about 700% of current annual carbon emissions into the atmosphere
(9.8 GtC/a, NOAA, 2015a) or 20% - 42% of the remaining total carbon emissions that
can still be emitted into the atmosphere to likely keep global warming below 1.5 ◦C (i.e.
161 GtC - 338 GtC (Rogelj et al., 2016)). Thus, the optimised land use contributes to reducing
the transgression of the PB for climate change which has been set at atmospheric CO2
concentrations of 350 ppm (Steffen et al., 2015) – buying time for the transition to a low
carbon economy.
Assuming that a reduction of land use pressure on endemism rich areas reduces the global
species extinction rate or increases the global biodiversity intactness index (BII) (Scholes
et al., 2005), the optimised land use would similarly reduce the current transgression of the
PB for biosphere integrity.
Additional to carbon storage and biodiversity conservation which are explicit objectives of
the optimisation, the optimised land use also helps to safeguard the PB for land use change,
which is set at remaining 75% of original forest cover (85% for tropical and boreal forests
and 50% for temperate forests). In total, the optimised land use allows for forest regrowth on
204 Mha compared to the current situation.
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Figure 5.5.: Remaining biome as share of original biome for the optimised land use pattern (coloured bars)
and the current land use patter (shaded bars). Biomes are classified into 16 biome classes based on
LPJ simulations with potential natural vegetation as in Ostberg et al., 2015. Biomes on the left are
aggregations of the respective biome classes.
Figure 5.5 shows the percentage of each biome that remains without any agricultural land
use for the optimised (coloured bars) and current (hatched) land use. The biome classification
into 16 different biome classes is based on LPJ simulations with potential natural vegetation
(see Ostberg et al., 2015, for details). Globally, forests regrow slightly in the optimised land
use scenario to 77.7% (from currently 74.5%) of the natural forest cover, re-entering the safe
operating space of the PB land. Forest-biome level PB thresholds of remaining forest cover
are almost safeguarded under the optimised land use (Fig. 5.5). However, the tropical forest
cover remains almost unchanged and the land PB remains transgressed in the tropics at 75%
of the original forest cover remaining. Boreal forests recover from 83% to 87% and temperate
forests recover from 60% to 68% of the original forest cover. Agricultural land use is reduced
in almost all biomes except warm savannas and arctic tundra (which is used for pastures,
because of increased carbon pools while supplying more than the minimum gras harvest
threshold set in the optimisation (ref. to Sec. 5.2.4).
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Furthermore, sustainability constraints were set for irrigation water withdrawals in the
optimisation (i.e. ensuring that environmental flow requirements remain at gridcell and basin
scale). These constraints and the shift to more productive agricultural areas result in changes
in irrigated areas and irrigation water use (Fig. 5.6). Figure 5.6 shows areas of increasing and
decreasing consumptive blue water use for irrigation respectively. Especially in India, China
and the MENA region, as well as in southern Europe, agricultural blue water consumption
decreases (Figure 5.6), which are exactly the regions in which freshwater resources are
currently over-exploited (see Steffen et al., 2015, Supplementary Material, Fig. 2D).
Figure 5.6.: Differences in agricultural irrigation water consumption (optimised minus current irrigation water
consumption).
However, irrigation is expanded in other regions which have sufficient freshwater availability
(Fig. 5.6). This additional irrigation helps to increase agricultural productivity which in
turn reduces land requirements for agriculture. In total, global blue water consumption for
irrigation increases from 920 km3 to 1720 km3. Thus, higher blue water consumption for
irrigation clearly marks a trade-off to increasing overall land use efficiency. Nevertheless in
this scenario, global water consumption is still within the limits of the PB for freshwater use,
which is set at a global blue water consumption of 4000 km3.
Optimisation for single factors (or even for combinations of factors) always bears the risk of
negative externalities on other sectors. While we optimise for carbon sequestration (climate-
), biodiversity conservation, and indirectly also for forest cover and environmental flow
requirements, we did, for example, not account for energy or nitrogen use in our scenarios.
Both are usually increasing with agricultural intensification, and hence pressure for example
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on the PB for biogeochemical flows (which is already critically exceeded) is likely to increase
further in our optimisation scenarios with improved agricultural productivity.
5.3.3. Regional and national opportunities and trade-offs
With this global land use optimisation, some global common goods, in particular climate
and biodiversity, can be better protected and the main land-related (long term) sustainability
criteria can be met at the global scale, so that critical processes in the Earth system such as
moisture recycling can be maintained. However, this does not necessarily mean improved
sustainability at the scale of individual regions or countries, implying conflicts between
global and national goals.
In order to understand what the global optimisation and large-scale reconfiguration of land
use mean for individual regions or countries, we first analyse which countries will not be
food self-sufficient in terms of calories produced or grass produced for livestock feed, under
the optimised global land use (for a future population of around 9 billion in the year 2050).
Figure 5.7a shows national self sufficiency levels under the spatial optimisation with improved
agricultural efficiencies under the criteria of improved per-capita food supply for the projected
national populations of 2050 (Yamagata et al., 2015). Even though global food supply is
ensured, many countries do not achieve food self sufficiency. However, the optimisation
allows in total more countries than at present (current land use pattern, efficiencies and
population, supplementary, Fig. 5.9a) to be self sufficient. Despite this increase in the total
number of food self sufficient countries, a few countries currently loose their current self
sufficiency and would be required to become net importers under the optimised land use
pattern (e.g. Bolivia, Ireland) .
Figure 5.7b depicts national production differences of calorie production (for food and feed)
and grass attributed to the spatial optimisation of land use patterns. Therefore, calorie and
grass production of the current land use pattern with improved agricultural productivities
are subtracted from the production of the optimised scenario. This shows crop production
increases in many countries across the globe (blue and green in Fig. 5.7b), whereas less calories
are produced in South and Southeast Asia and parts of South America and subsaharan
Africa (red and yellow in Fig. 5.7b).
While trade could balance production surpluses and deficits across regions, it comes at costs.
Free trade may not be easily achieved due to political obstacles. Moreover trade is energy
intensive and importing countries need to generate the financial resources to buy food on
global markets. Furthermore, there are (perceived or real) political risks for countries giving
up self sufficiency and becoming dependent on imports.
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Figure 5.7.: Food self sufficiency and production change: a) country level production deficits for food self
sufficiency for calorie production (for food and feed) and for grass production based on the
optimal food supply criteria of 3000 kcal/cap/day with 20% from livestock under the optimised
land use pattern (marked in Fig. 5.2) and b) production changes attributed to the spatial land use
optimisation (optimised land use pattern minus current land use pattern with improved agricultural
productivity).
Apart from food security the results of a global top-down optimisation are likely to com-
promise other national sustainable development goals and targets, e.g. related to land use
planning, renewable energy or biofuel goals, or expansion of nature conservation areas. For
example, India, China and Ethiopia explicitly state afforestation or reforestation goals in
their INDCs (UNFCCC, 2016). However, land area under forest cover decreases in all of these
countries under our selected global optimisation scenario. On other ends, the optimisation is
in line with national goals. For example, the increase in Ethiopia's irrigated area by 970%
through the optimisation is roughly in accordance with Ethiopia's target to expand irrigated
area by 620% (from 127,000 ha to 785,000 ha) (GOE, 2010).
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While biofuel and other renewable energy sources play an important role in national develop-
ment plans, the additional land demand for biofuel production and increasing water demand
for hydropower have not been considered by the optimisation. Countries aiming at increasing
the share of biofuels in their energy mix, might thus be disadvantaged if agricultural land
use is increased in the global optimisation. For example, Brazil becomes a net exporter in the
optimisation, producing 245% of the domestically required calories to ensure per-capita food
supply at 3000 kcal/day with a share of 20% from livestock. That result of the optimisation
might, however, render the nations INDC to increase the share of sustainable biofuels in its
energy mix to approximately 18% by 2030 infeasible due to the substantial increases in land
demand for agricultural purposes.
Overall, there are potential synergies and tradeoffs between national (sustainable) develop-
ment goals and the global goals as specified by the PBs. These need to be explored further
and eventually reconciled across scales.
5.4. Conclusions
Large opportunities for improved land use and sustainable development exist, even for
9.1 billion people, to improve per-capita food supply levels to the level that is generally
considered to provide food security (3000 kcal per capita and day), while simultaneously
improving terrestrial carbon storage and biodiversity conservation. However, to achieve all of
these goals simultaneously, additional improvements in agricultural productivity are required,
which is in line with SDG 8.4, i.e. to improve global resource efficiency and with SDG 2.3
to double agricultural productivity. Despite globally improved land use and food security,
the resulting food self-sufficiency levels and food security levels may in fact deteriorate for
individual countries under such global reallocation schemes. Thus, disadvantaged countries
might need to be compensated (financial or otherwise) by the beneficiaries or the international
community. Such options, e.g. payments for ecosystem services (PES) or UN-REDD schemes,
have already been tested in some countries to encourage ecosystem protection for local
environmental sustainability, as well as for the global good.
While the land use optimisation presented here is more comprehensive than most previous
attempts, there are many other optimisation criteria not yet accounted for, such as the
implications for energy and nitrogen inputs of the agricultural intensification and global
trade that are part of the solution. These inputs are likely to increase and lead to further
transgression of the planetary boundaries for climate change and biogeochemical cycles.
Furthermore, this paper focuses on environmental sustainability criteria, not attempting to
assess socio-economic limitations, e.g. for the improvements in agricultural productivity, or
socio-economic consequences of land use optimisation, e.g. in terms of employment or equity.
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There are numerous potential synergies and tradeoffs across the different environmental
dimensions, between environmental and socio-economic sustainability criteria and across
scales. The latter, require alignment of local, national and global sustainable development
goals, all of which need to be spelled out in more detail, quantitatively and spatially explicit.
Author contributions VH and HH designed the study, and analysed the results. VH devel-
oped the methodology, performed all simulations and created the figures. SW suggested and
prepared livestock productivity scenarios, CM and HK suggested and prepared endemism
richness maps. VH led the writing process with contributions from all co-authors.
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5.5.1. Supplementary methods
Terrestrial vertebrate endemism richness
We used 1◦ resolution maps of endemism richness for terrestrial vertebrates including the
groups birds, mammals and amphibians. Endemism richness is calculated as the sum of
the inverse global range sizes of all species present in a given spatial unit (Kier et al., 2009).
Because raster cells differ in area, each species'global range size was initially estimated as
the sum of areas of all raster cells that overlap their respective range map. For a given raster
cell, endemism richness was then calculated as the sum of the ratios between the area of that
particular cell and the areas of the cell-overlapping ranges.
Endemism richness values were calculated with a land area threshold of 50%, meaning that
only raster cells with at least 50% land area were included in calculations of endemism
richness. Note that the exclusion of raster cells with little land area results in the total
exclusion of several species which have very restricted ranges near coasts. It thus results in a
possible distortion of species richness and endemism patterns (in particular with regard to
endemism-rich islands). To minimise this effect, raster cells with oceanic islands were kept in
the analyses, even if their land area fell below the threshold.
Species presence/absence data for the grid cells were established by overlaying a grid onto
expert opinion range maps. The range maps for mammals and amphibians are from the
IUCN Red List of Threatened Species (2012). Range maps for birds are the combined BirdLife
International and NatureServe datasets (2012). Only native ranges were included in the
analyses, extinct, vagrant, and introduced ranges were excluded. Largely pelagic bird species
were excluded, while birds that mostly inhabit land, freshwater and coastal habitats were
included. To exclude marine and other fully aquatic mammal species, all cetaceans, sirenians
and pinnipeds were excluded but the polar bear and two largely marine otter species were
included.
Details on the ruminant meat substitution scenario
Table 5.3 lists globally aggregated numbers on feed intake per livestock output for a baseline
scenario, a scenario of improved livestock productivity (ILP) and a ruminant meat substitution
scenario (RMS), compiled from Wirsenius et al. (2010). The RMS scenario combines improved
livestock productivity according to the ILP scenario with a substitution of pork and/or
poultry for 20% of ruminant meat, which is by far the most feed and land-demanding meat
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product. In this study, the percentage changes of the RMS compared to the baseline (Table 5.3)
are taken as percentage changes from the current globally aggregated livestock sector (ref. to
harvest requirements in Sec. 5.2.4).
Feed item Feed intake per aggregated livestock output
[Joule feed gross energy per joule human ME in products]
baseline ILP RMS
LPJmL-crops 3.5 3.3 (-5.7%) 3.3 (-5.7%)
Others (including grass crops) 2.6 2.6 (-2.6%) 2.1 (-16.9%)
Permanent pasture 12.6 9.2 (-26.8%) 7.5 (-41%)
Table 5.3.: Livestock production and feed intake (from Wirsenius et al. (2010)).
5.5.2. Supplementary results
Figure 5.8.: Pareto-optimal curves for different populations, food supply levels and agricultural productivities
for the optimisation allowing for a higher water stress indicator (WSI=0.6). Each pareto-optimal
curve (one colour and shape) consists of a range of solutions representing different weights on
carbon and biodiversity in the objective function and different constraints on minimum biome-level
biodiversity conservation. The axes depict global changes (optimised minus current land use) in the
biodiversity risk indicator (x-axis) and changes (optimised minus current land use) of terrestrial
carbon losses associated to land use change (vegetation and soils) (y-axis) of the optimised land use
pattern, compared to current land use.
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Figure 5.8 shows the pareto-optimal curves from the optimisation as in Fig. 5.2 but allowing
for a water stress indicator (WSI) of 0.6, i.e. allowing for moderately exploited basins. Overall,
the potentials for a reduction of carbon losses and the risk to biodiversity loss are higher
than for a smaller tolerable WSI (WSI=0.3 in Fig. 5.2). This is because allowance for higher
irrigation water withdrawals leads to even more expansion of irrigated areas. This decreases
total land requirements for agricultural production allowing for more carbon sequestration
and less risks to biodiversity.
Figure 5.9.: Country level production deficits for food self sufficiency for calorie production (for food and feed)
and for grass production based on the optimal food supply criteria of 3000 kcal/cap/day with 20%
from livestock for a) the current population land use pattern with current agricultural productivities,
b) the population of 2050 with current land use pattern and agricultural productivities, c) the
population of 2050 with current land use pattern and improved agricultural productivities and
d) the selected optimised land use pattern (marked in Fig. 5.2) for the population of 2050 and
improved agricultural productivities.
Compared to current population growth and improved food supply (Fig. 5.7b) requires
additional food production and adds pressure to terrestrial ecosystems and their carbon
storage and biodiversity. Improved agricultural productivity on the same land use pattern
can counteract that pressure (Fig. 5.7c). With the spatial optimisation (combining improved
agricultural efficiencies and change of land use pattern, Fig. 5.7d) even more countries can
be food secure under the 2050 population (and improved diets) than for the 2005 population
– while terrestrial carbon storage and biodiversity conservation are improved at the same
time.
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6. Summary, synthesis and outlook
Terrestrial carbon dioxide removal (tCDR) technologies including bioenergy with carbon
capture and storage (BECCS) (Obersteiner et al., 2001) and forestation (Dyson, 1977) are
considered an option for offsetting or removing fossil fuel emissions in order to counteract
or remove anthropogenic emissions. This thesis has broadened the current state of research
by providing a process based trade-off analysis of tCDR, which is for the first time set in the
context of planetary boundaries. Key advancements in knowledge are:
• large-scale biomass plantations manipulate global and regional biogeochemical and
hydrological cycles
• climate-effective tCDR could aggravate the status of the Earth system with respect to
multiple planetary boundaries
• a one-dimensional view of the climate problem bears the risk of such collateral plane-
tary boundary transgressions
• land use management widens the option space for terrestrial carbon sequestration and
biodiversity conservation under population growth but bears institutional challenges
The following sections summarise the key findings concerning the individual research
questions (Sec. 6.1), discuss the robustness of the results (Sect .6.2) and conclude the findings
of this thesis with perspectives for further research (Sec. 6.3).
6.1. Answers to the research questions
The different chapters of this thesis focus on individual research questions related to po-
tentials and implications of biomass plantations and afforestation or reforestation for tCDR.
As a whole, they provide a global-scale assessment of potential large-scale anthropogenic
interferences in biogeochemistry (refer to Sec. 6.3).
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1. Is extensive terrestrial carbon dioxide removal a 'green' form of climate
engineering?
Large-scale biomass plantations are found to substantially manipulate (global and regional)
biogeochemical and hydrological cycles (In Chapter 2). The dynamic global vegetation model
LPJmL is used to compare the biogeochemical and hydrological implications of large-scale
second-generation herbaceous and woody biomass plantations to those of historical land use
change. Therefore, a biogeochemical state metric is developed to measure the differences
between biomass plantations to potential natural vegetation and compare these differences
to those between historical land use and potential natural vegetation.
Simulations of systemic scenarios with biomass plantations on current agricultural land use
areas and under current climate show that in absolute terms biomass plantations would
shift the biogeochemical status of the terrestrial biosphere even more than historical land
use change. However, biogeochemical modifications through biomass plantations differ from
historical modifications. For example, while historical land use change decreased net primary
production (NPP) on agricultural land by 5% in comparison to natural vegetation, herbaceous
or woody biomass plantations on the agricultural areas of 2005 would increase NPP by 22%
or 11%, respectively. These changes in NPP constitute and drive other major alterations in
regional and global carbon and moisture fluxes (summarised in Table 6.1). This leads to the
conclusion that biomass plantations at a scale that could significantly reduce atmospheric
CO2 concentrations should not be considered a 'green' climate engineering method but a
full scale environmental engineering intervention.
Table 6.1.: Summary of biogeochemical alterations through biomass plantations on current agricultural area (4.3
Gha) and historical land use. Both are compared to potential natural vegetation (PNV) and averaged
over the period 1982-2005.
Variable compared to PNV compared to historical
land use
NPP strong increase ( up to 22 %) 
 decrease (-5 %)
Soil carbon small decrease (-3%, herbaceous) or
marginal increase (+0.4%, woody)
> decrease (-7 %)
Vegetation carbon strong decrease (up to -21 %) > strong decrease (-25 %)
Evaporation strong increase (up to 29 %)  strong increase (+91 %)
Interception loss small decrease (up to -1 %) 
 strong decrease (-20 %)
Transpiration small increase (1%, herbaceous) or small
decrease (-2 %)

 strong decrease(-11 %)
River discharge decrease (-4 %) < decrease (-1 %)
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2. What are potential trade-offs of tCDR in the context of planetary boundaries?
Trade-offs between tCDR via biomass plantations and the planetary boundaries for biosphere
integrity, biogeochemical flows, land system change and freshwater use are identified in
Chapters 2 to 4 (Fig. 6.1). The boundaries for land system change and biosphere integrity tend
to inhibit highly productive regions such as forest regions and high biodiversity hotspots.
Additionally, the boundaries for biogeochemical flows and freshwater use restrict fertilisation
and irrigation of biomass plantations, which are however required to realise high biomass
yields.
Figure 6.1.: Trade-offs between tCDR and planetary boundaries. The planetary boundaries for novel entities,
stratospheric ozone depletion and atmospheric aerosol loading are not focussed on in this thesis.
(credit: F. Pharand-Descheˆnes /Globaı¨a, modified)
In Chapter 3 the potentials for BECCS within the safe operating space and its trade-offs
to these planetary boundaries are evaluated quantitatively. To this end, a spatially explicit
optimisation model is developed which distributes biomass plantations around a fixed agri-
cultural baseline scenario, considering the PBs for climate change, biosphere integrity, land
system change, biogeochemical flows and freshwater use. Multiple land use scenarios are
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developed by varying optimisation constraints reflecting global and regional representations
of the planetary boundaries.
The results show that tCDR potentials are negligible if planetary boundaries were to be safe-
guarded at the global and regional level. Only with a transgression of regional boundaries into
a risky uncertainty zone, considerable negative emission potentials of 1.4 GtC/a to 6.9 GtC/a
can be obtained for a range of biomass conversion processes. Furthermore, scenarios for
minimising the risks to biodiversity loss or freshwater exploitation show clear trade-offs
between biodiversity and land conservation vs. irrigation water requirements. Minimising
the extend of biomass plantations in order to reduce the pressure on biodiversity and the
land system requires substantial irrigation.
These trade-offs between BECCS and the further transgression of many planetary boundaries
must be considered and evaluated carefully. On the one hand tCDR via BECCS could
contribute to preventing the further transgression of the PB for climate change, i.e. avoid
detrimental feedbacks of the climate system, and ocean acidification. On the other hand
such potentials imply the exploitation of the biosphere and increase the pressure on the
planetary boundaries for biosphere integrity, biogeochemical flows, land system change
and freshwater use.
3. How does societal Earth system management via tCDR influence the likelihood of
planetary boundary transgression?
Climate engineering manifests a global-scale, intended anthropogenic intervention into the
climate system. However, only a few studies (e.g. Jarvis et al., 2009; MacMartin et al., 2013)
feature a dynamic integration of environmental and societal components in the assessment
of climate engineering or climate change mitigation.
A first step to include societal societal Earth system management via tCDR in a model of
the carbon cycle is done in Chapter 4, which addresses the co-evolutionary interaction of
tCDR intervention in the climate system. For this purpose, a conceptual model of the natural
dynamics of the Earth's carbon cycle is modified to include a simple representation of societal
tCDR intervention. This allows to evaluate the influence of societal parameters such as the
degree of anticipation of the climate problem and the rate of tCDR efforts on the status of
carbon-related planetary boundaries.
The results show that employing tCDR for managing the atmospheric carbon pool can lead
to a collateral transgression of PBs because of nonlinear carbon cycle feedbacks. Efforts
to steer the system within the carbon-related safe operating space are only effective for
a small range of climate change anticipation levels and depend critically on emission-
scenarios. In the conceptual modelling framework, tCDR could be successfully deployed
as part of a strong climate change mitigation scenario, but would likely not be effective
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in a business-as-usual scenario. It is concluded that a societal focus solely on the PB
for climate change, without an integrated sustainability assessment bears the risk of
collateral boundary transgression, especially if mitigation is not included in the societal
response to increasing atmospheric CO2 concentrations.
4. How strong are trade-offs between reforestation, nature conservation and land for
food production?
Vegetation-based tCDR requires considerable area to extract substantial amounts of carbon
from the atmosphere. Chapter 5 widens the scope of the previous questions by integrat-
ing population and food demand scenarios as well as sustainability constraints into tCDR
assessment. Planetary opportunities for terrestrial carbon sequestration by afforestation,
while feeding 9 billion people and respecting sustainability constraints such as the planetary
boundaries are evaluated. To this end, global land use scenarios including crops and pastures
are developed with a spatially explicit optimisation model that maximises terrestrial carbon
sequestration and biodiversity conservation.
The results shed light on the magnitude of trade-offs between agricultural land use and
carbon sequestration. Under current agricultural and livestock efficiencies, supplying food
for 9 billion people implies further land use change emissions – rather than allowing
for terrestrial carbon sequestration. Only with substantial improvement of agricultural
productivities, optimal allocation of agricultural land use and sizable expansion of irriga-
tion, considerable but hypothetical carbon sequestration potentials up to 98 GtC can be
achieved, while safeguarding global food supply and reducing the risk of biodiversity
loss. Such globally optimised land use, however, implies trade-offs at regional levels in
terms of sustainability goals and food supply. The required increase in trade-volumes
for regional food supply, as well as in agricultural productivity imply major institutional
challenges.
population +42% (to 9.1 billion)
per-capita food supply +9% (livestock share +22%)
agricultural area -214 Mha
terrestrial carbon 69 GtC sequestration
biodiversity risk -44%
reforestation +225 Mha (to 77.7% of the natural forest cover)
irrigation water +980 km3
Table 6.2.: Global changes caused by the spatial land use optimisation for a selected scenario.
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6.2. Robustness of the results
The dynamic global vegetation model (DGVM) LPJmL is the methodological backbone of this
dissertation and applied in Chapters 2, 3 and 5. Its performance is continuously evaluated
against contemporary observation data and alternative models. For example, simulations
of LPJmL or its predecessor LPJ without agricultural land use, have been compared against
satellite remote sensing data and site specific carbon flux measurements to validate simulated
results of vegetation distribution and carbon cycles for natural vegetation (e.g. Schaphoff
et al., 2013; Sitch et al., 2003) and agricultural crops (e.g. Bondeau et al., 2007; Fader et al.,
2010). Simulated hydrological processes have been compared against remote sensing data of
soil moisture (e.g. Wagner et al., 2003), runoff, river discharge, water fluxes, agricultural water
use and irrigation efficiencies compared well against site specific and regional observation
data and state-of-the-art global hydrological models (Gerten et al., 2004; Heck et al., 2016b;
Ja¨germeyr et al., 2015; Rost et al., 2008b).
Simulations of biomass plantations are initially evaluated against field data to establish the
robustness of modelling results (Chapter 2, Sec. 2.2.2 and Appendix A). The evaluation
showed relatively good agreement between observations and simulations. However, the
evaluation underlined inherent uncertainties related to the heterogeneity of available field
data concerning plantation setup and management, as well as environmental conditions
which can not be represented perfectly with a global-scale parameterisation of DGVMs. While
simulated biomass yields are within the general range of reported yields, large uncertainties
remain related to the variability of actual management of large-scale biomass plantations in
all regions of the globe.
Despite extensive model evaluation, a model is only a simplified representation of the
current state of knowledge about individual processes. For example, the magnitude of plant
productivity and carbon accumulation under increasing atmospheric CO2 concentrations (i.e.
CO2 fertilisation, Ainsworth et al., 2004) is still uncertain. Many DGVMs (including LPJmL)
lack an explicit nitrogen cycle, which increases the uncertainty in projections of (unfertilised)
vegetation response to elevated CO2. An explicit representation of the Nitrogen cycle is
currently being incorporated into LPJmL but was not included in the model version used in
this thesis.
Climate scenarios used in this thesis (Chapter 3), however, are limited to a global warming of
2◦C, with a relatively small increase in atmospheric CO2 concentrations compared to biomass
validation levels (increase from 380 ppm in 2005 to 450 ppm in 2050). Simulations without
this CO2 increase reduce biomass yields by 1%. This suggests that the CO2 fertilisation
uncertainty is negligible in the assessed scenarios with a small increase in atmospheric CO2
concentrations, especially in light of climatic or other model uncertainties.
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Reforestation potentials (Chapter 5) are simulated under current atmospheric CO2 concentra-
tions. Thus, scenarios under elevated CO2 concentrations could increase the reported carbon
sequestration potentials. However, uncertainties related to food demand and agricultural
efficiencies are substantially higher and have a larger influence on reforestation potentials
than CO2 fertilisation.
Additional uncertainties concerning biomass conversion processes and possibilities of carbon
capture and storage are relevant in the context of negative emissions (Chapter 3). Currently,
only a few BECCS demonstration power plants exist. It remains questionable to what ex-
tend CCS technologies can be scaled up because of major uncertainties relating to costs,
transportation infrastructure, subsurface uncertainty, regulatory and legal issues and public
acceptance (Herzog, 2011; Watson et al., 2014). Furthermore, the range of biomass conversion
technologies and process efficiencies is large (ref. to Chapter 3). A plausible range of conver-
sion and CCS efficiencies was assumed in this study, however, it remains unclear whether
the calculated CCS-rates could be implemented in practice.
The dynamic integration of societal feedbacks into global carbon cycle dynamics (Chapter 4)
is based on a conceptual model of the carbon cycle. As discussed in Chapter 4, conceptual
modelling does not aim for quantitatively reliable results but aims for understanding of the
structure and effects of dominating feedbacks and their leading interactions. Thus, the model
was adapted and calibrated to conceptually capture the most important processes of global
carbon dynamics and simulate plausible transients of global carbon dynamics.
6.3. Conclusions and perspectives for further research
Trade-offs between tCDR and the status of planetary boundaries (Chapters 3 and 4), as well as
the implied modification of biogeochemical and hydrological cycles (Chapter 2) indicate that
tCDR should be recognised as a mediator between various Earth system components and not
as a one dimensional tool which can be applied to reduce atmospheric CO2 concentrations.
Considerations of bioenergy (with or without CCS) should thus take into account that
aggravated environmental conditions due to large-scale biomass plantations could trigger
dynamic feedbacks within the climate system.
The findings of this thesis suggest limited opportunities for sustainable tCDR because of
these environmental trade-offs, land constraints and institutional challenges. Considerable
land requirements for tCDR via afforestation, reforestation or biomass plantations (Chap-
ters 2 and 3) are competing with agricultural land demands and sustainability constraints
(Chapters 3, 4 and 5). Albeit, land requirements for future agricultural land use (and thus
land availability for tCDR) are highly uncertain, they are likely to limit sustainable tCDR
113
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potentials under projected population growth (Chapters 3 and 5).
Environmental and planetary sustainability constraints represent challenges for both, the
agricultural sector and potentials for biomass plantations and afforestation. The current
agricultural sector is far from sustainable in many aspects (e.g. Foley et al., 2005; Steffen
et al., 2015) and substantial land, fertiliser and water demands for tCDR would add further
challenges to a transition towards sustainable land use.
The integration of sustainability constraints and agricultural production requirements in
global-scale optimisations (Chapters 3 and 5) indicates some potential for long term refor-
estation or negative emissions, depending on technological efficiencies. Implementing such
potentials, however, would require substantial international collaboration accompanied by
vast institutional challenges (e.g. the restructuring of the global agricultural and trade system
or the development of carbon capturing infrastructures and carbon storage facilities dis-
tributed in all parts of the world). These might be even higher than the challenges associated
with strong commitments to climate change mitigation.
A next logical step building on the results and methodology developed in this thesis would
be the integration of biomass plantations into a sustainability oriented agricultural land
use optimisation as presented in Chapter 5 of this thesis. The comparison between such
sustainability oriented optimisation results and those of existing economically based land
use optimisations could reveal synergies between economically viable and sustainable land
use patterns.
Furthermore, important biogeophysical effects such as albedo modification through land
cover change or altered moisture cycles through changes in evapotranspiration have not
been assessed. Because they could potentially induce trade-offs to the climate system, the
biogeochemical assessments of this thesis should be complimented with simulations of
general circulation models (GCMs) to evaluate climatic effects of changes in moisture and
energy fluxes. In practice, regional institutional and environmental conditions will be drivers
of decisions for or against tCDR. In order to permit well informed decision making concerning
afforestation, reforestation and bioenergy with or without CCS, bottom-up evaluations that
cross-check local conditions with the provided top-down global-scale assessment would be an
important step forward. Such assessments could for example inform about the likelihood of
indirect land use change effects triggered by bioenergy production, i.e. triggered deforestation
for agricultural purposes if agricultural land is converted to biomass plantations.
Disciplinary research in the various subsystems related to tCDR and CCS (e.g. natural
science, engineering, social and policy science) as well as lifecycle assessments of bioenergy
are integral components to reduce uncertainties related to tCDR. However, it is essential to
combine the different disciplines to achieve a comprehensive understanding of the Earth
system, technological and institutional constraints and uncertainties that is required for well
informed decision making at the level of global and local governance.
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Appendix A.
Biomass yield data and model adjustments
A.1. Biomass yield data
The following data on observed biomass yields (Tables A.1 - A.5) were included in the evalu-
ation of biomass yields in Chapter 2. Reported biomass yields of Miscanthus and Switchgrass
were compared against herbaceous biomass yields simulated by LPJmL. Reported biomass
yields of Willow, Poplar and Eucalyptus were compared against woody biomass yields
simulated by LPJmL.
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Appendix A. Biomass yield data and model adjustments
A.2. Biomass parameterisation, associated uncertainty and
model adjustments
The implementation of biomass functional types (BFTs) is a relatively new development of
the LPJmL model (Beringer et al., 2011). Therefore, BFTs were not yet included in most model
validation and uncertainty studies. However, the parameterisation of BFTs is largely identical
to their natural PFT equivalents; “C4 perennial gras”, “temperate broadleaved summergreen
tree” and “tropical broadleaved raingreen tree”. BFT parameter modifications represent the
different growing conditions on managed plantations, such as regular plant arrangement,
effective pest and fire control. Overall the modifications lead to higher carbon assimilation in
BFTs compared to their PFT equivalents. Especially higher light availability, establishment
rates and sapling size, a broader temperature range for optimal photosynthesis, as well
as reduced mortality and fire occurrence lead to improved growing conditions of BFTs.
Furthermore, maximum tree crown area was reduced to represent actual growing conditions
and a lower limit for photosynthesis of the herbaceous BFT was implemented because some
C4 biomass crops can maintain high rates of photosynthesis at low ambient temperatures.
Global plantation management parameters (for both, woody and herbaceous plantations)
were chosen to reflect yields reported in literature, while at the same time also reflecting
reported management practices. Parameters for woody biomass plantation management are
chosen to reflect short rotation woody coppice (SRWC) management in which young tree
stems are cut down near the ground at relatively short intervals. Most SRWCs are harvested
in intervals of 3-10 years (Lemus et al., 2005). In LPJmL the length of the harvest cycle is at
the upper end (8 years). However, the saplings that are cultivated on industrial plantations
have usually been grown in greenhouses up to a considerable size of more than 30 cm. In
LPJmL these cuttings are assumed to be grown from small saplings on the field, which is
why the model requires rotation periods at the upper end of reported periods.
To my knowledge there are no experimental studies on the maximum rotation length, i.e.
the time frame of SWRC before new individuals are planted, however plantation lifetime is
expected between three to seven rotations (Heller et al., 2003; Langholtz et al., 2013). I chose
a maximum rotation length of 40 years (i.e. 5 harvest events) as a realistic approximation.
A reduction of the plantation lifetime would especially lead to to a higher turnover of root
biomass, due to the fact that the root system would need to be established more frequently.
As a consequence, soil carbon pools would be slightly higher than under longer rotation
periods.
To evaluate the effect of changed SRWCs management parameters on biomass yields, I
performed the LPJmL simulations for the evaluation of biomass yields (as described in
Chapter 2) with a rotation length of 6 years and a plantation lifetime of 30 years (Fig.A.1a)
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and compared it to the results in the manuscript with a rotation length of 8 years and a
plantation lifetime of 40 years (Fig.A.1b). A shorter rotation period and plantation lifetime led
to small yield reductions in Eucalyptus test sites and to a small yield increase in poplar and
willow test sites. This can be explained by the fact that temperate biomass plantations such
as willow plantations mature earlier than Eucalyptus plantations, which is also considered in
the parameterisation of woody biomass types. Because of the earlier maturity of temperate
BFTs shorter harvest periods lead to an increase in yields. Tropical BFTs however profit from
longer rotation periods because of slower growth. Because the match between data and
observations in Fig. A.1b) is better, a rotation length of 8 years with a plantation lifetime of
40 years are chosen.
(a) rotation length: 6 years,
plantation lifetime: 30 years
(b) rotation length: 8 years,
plantation lifetime: 40years
Figure A.1.: The effect of changed woody rotation management on woody biomass yields simulated by LPJmL
(averages 1993-2008). Yields are given in t DM/ha/yr for varied rotation lengths and plantation
lifetime. Scatterplots contrast the observed and simulated yields in the respective grid cells. Model
uncertainty is derived from simulations with and without irrigation. Observation uncertainty
reflects dependencies on plantation management (Tables A.3 -A.5).
Furthermore, the harvest parameters of herbaceous BFTs were adapted to better match
observed biomass yields from Switchgrass and Miscanthus (Tables A.1 and A.2). The most
decisive parameters are the leaf mass threshold for harvest and the fraction of harvested
biomass. Model simulations for various parameter sets were performed. The set of harvest
threshold and harvest fraction with the best match to observations (i.e. 400 g/m2 and 85%,
respectively) was selected. In areas of low productivity, it can be the case that the harvest
threshold is not reached. Then it is harvested when leaf mass has reduced to 75% of its
maximum value at the end of the growing season. A harvest fraction of 85% is a realistic
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value for commercial biomass plantations using agricultural machinery (e.g. Ashworth et al.,
2013; Johnson et al., 2012). Increasing the harvest fraction, leads to decreasing biomass yields
due to a reduction of photosynthetic capacity after the harvest event.
With this, the evaluation of simulated biomass yields shows relatively good agreement
between reported and observed yields for both, herbaceous and woody biomass plantations.
The harvested biomass, of course depends on plant carbon assimilation, as well as harvest
parameters. Therefore the positive evaluation of simulated biomass yields provides confi-
dence, that LPJmL – a fairly general and globally parameterised model – is able to simulate
the ecosystem processes analysed in this thesis.
A different parameterisation of BFTs would of course have an influence on the simulation
results. However, the influence of parameter changes that maintain a good representation of
biomass yields is limited. This is mainly due to the fact that increasing NPP under biomass
plantations and decreasing NPP on agricultural land is the most decisive difference out of
the four metric components. While decreasing productivity on agricultural land has been
validated (Bondeau et al., 2007), the high simulated productivity of biomass plantations is
required in order to reproduce observed yields. Soil carbon assimilation on woody biomass
plantations does to a large extent depend on the harvest management of SWRC, resulting in
repeated root formation and litter generation at harvest. Experimental and model studies
indicate that increasing soil carbon under SWRC is a plausible result (e.g. Grogan et al.,
2002; Guo et al., 2002). Concerning herbaceous biomass plantations, several studies (e.g.
Guo et al., 2002; Zimmermann et al., 2013) have found soil carbon assimilation compared to
agricultural or degraded land, which is in line with simulation results for herbaceous BFTs
in Chapter2. The parameter dependence of water fluxes is more complex to assess, because
evapotranspiration is composed of evaporation, transpiration, and interception. These are
all affected by different factors (e.g. vegetation density, plant productivity and plantation
density). The simulated transpiration increases under biomass plantations, however, are
plausible because of the tight coupling of water exchange and carbon assimilation. A site
specific evaluation of observed water use efficiency (Jans et al., unpublished data) indicates
that LPJmL values are realistic compared to literature values.
The fact that BFT parameters are largely identical to their natural PFT equivalents means
that the results of the uncertainty assessment by Zaehle et al. (2005) can to a large extend
be transferred to BFTs. Zaehle et al. (2005) found the largest sensitivities in parameters
governing net assimilation rate and water exchange. Due to a coupling of carbon uptake
and transpiration, increasing carbon fluxes are directly linked to increasing water exchange
(which has also been shown in the results of Chapter 2).
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